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Abstract 
The perfomlance of material in general depend on their properties. There is a 
continuous need of new materials to meet the technological revolution that wa witnes ed 
b the end of last century. I n  thi work, a new c lass of materials was synthe ized. The 
ho t matrix i an rganic onducti ng Polymer (OCP) of either poly(3-methylthiophene) 
( PMT) or poly(an i l ine) ( PAN ). The ynthesis of OCP is achieved using electrochemical 
method of applying con tant potential or cyc l ic voltammetry at a platinum or graphite 
sub trate in  an acetonitri le containing tetra-alkyl-ammonium alt .  The set up i s  three­
electrode s stem of a platinum counter electrode and a i lverlsi lver chloride reference 
electrode. The thickne of the OCP fi lm was control led by the amount of charge passing 
through the cel l .  Thu , d ifferent thickne s of OCP was synthesized using the above 
method. I norganic layer was then added to the OCP host matrix u i ng two d ifferent 
approache . The first i ba ed on electrochemical deposition of plat inum particles with 
di fferent ize and patial distribution within the OCP matrix, while the second uses a sol­
gel approach to dip coat the OCP film.  The resulting hybrid/composite material was 
studied u i ng electrochemical techniques such as cyc l ic voltammetry (CV) to study the 
general characteristic of the redox beha ior of the film and electrochemical impedance 
pectro copy ( E I  ) to characterize the charge transfer proce ses and capac itive nature of 
the materia l .  Tv"o important findings were di covered the first is  that the OC P layer 
retained its electrochemical characteristic kno\\n for thi cia of materials; the econd i 
the con iderable i ncrea e in  the capacit ive nature of the film upon i nclu ion of the 
inorganic la}er. The highest value of capacity was achieved with a .- andwich" t}pe 
h) brid fi lm.  The fi lm vvas constructed as PMTI ol-gel/PMT or ol-gellPMTI ol-gel y tern 
interfaced \\ith an electrolytic phase. The fi r t .. andwich" type material howed high 
III 
proml mg alue of capacitance that make it a good candidate for future use as rechargeable 
battery } tern. \ I  lectrochemicaUelectronic parameter calculated were usmg a 
numerical/graphical method and the data were fitted to equivalent circuit models. 
The thermal tabil ity of the result ing hybrid/composite material wa examined 
u ing Thermal and Di fferential Gravimetric naly e (TGA and DTGA). The re ult 
pro ed that the inorganic layer incorporated into the fi lm, rendered the material more 
table and retarded the weight loss considerably lIpon applying the heat ing protocol .  On 
the other hand the morphology of the result ing fi lm was examined using canning E lectron 
Micro copy ( EM)  and the pictures recorded showed the fonnation of inorganic particles 
in the lib-micron dimension as wel l  a inorganic c lustered structures. The spatial 
di  tribution of the e partic les and clustered layers were homogeneously spread 0 er and 
\\ithin the OCP film.  The e observation were uccessfully related to the observed 
electrochemicallelectroruc parameters obtained by CY and EI measurements. The 
incorporation of the metal l ic elements uch as Pt, Fe, and Ce was confinned from the 
extended diffraction of X-rays ( EDAX) with relat ively smal l  concentrations that might be 
further tudied for catalytic con er ion purpo es. The latter study would be extreme 
importance to\vards appl ications in the area of treatment of wa te and chemical 
conver ions . Thi i beyond the scope of the present work and \ i l l  be ugge ted for 
further inve tigations. X-ra diffraction (XRD) mea urements hows that the tructure of 
the OCP wa maintained and the appearance of inorganic particle inclu ion \\ith e t imated 
dimen ion in the range between 130 nm and 550 nm. Fourier Transform InfraRed (FTI R )  
mea urements \vere made o n  the as-grown fi lm to examine the molecular tructure of thi 
ne\\ cla s of material . The results howed that the structure of the OCP w as maintained 
\\ ith the appearance of new band indicating th presence of the inorganic moietie . 
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1 . 1  Polymer background 
Polymers (or plastic ) ha e been used in wide range of applications, such as 
insulating materials [or cables and covers for electrical machines and metals. These 
materials have lightweight, toughness, and insulating properties. In 1977 [1] a new 
generation of polymers born, this type of polymer changes the concepts and the 
applications of these materials where the electrical optical and chemical properties 
changed, especially the electrical properties. This type of polymers called conducting or 
emiconducting or electrically active polymers and they are divided into four general 
types: 
I. Polymers loaded with conductive fillers such as carbon black, metal particles or 
metal oxide( ) particles. [2]. 
II. Ionic conducting polymers, which are also called ionomers or polymer electrolytes 
such as sulfonated polystyrene, ethylene-methacrylic acid, and Nafion [3]. They 
ha e a wide range of commercial electronic applications including rechargeable 
batteries, fuel cells and polymer light-emitting devices and their conductivity is 
highly sensitive to humidity. 
III. Charge transfer (redox) polymers, e.g. figure 1.1 shows a structure of 
polyphosphazene those are referred to as localized state conductors. The polymer 
backbone is electrochemically inactive; however, functional group (s) covalentl 
bonded to the polymer are redox acti e (capable of undergoing oxidation! reduction 
reactions) [4]. Most of these polymers including trinitrofluorenone-doped 
polyvinylcarbazole (PVK), triarylamine doped polycarbonate are considered as p­
type. On the other hand, a number of n-type polymers were reported in the 
literature, where the electrons are the main charge carriers [5]. 
2 
Figu re 1 . 1 : Structure of Phosphazene polymer. 
IV. The last type is an important class of semiconducting organic polymer. Two sub-
classes in this category can be identified, the first is conducting conjugated type and 
the second is charge transport type. Conjugated polymers such as polyaniline, 
polythiophene, polypyrrole and of polyacetyiene are common polymers that have 
been studied extensively [6]. They are environmental stable, ease to synthesized 
chemically or electrochemically, and also they can be modified easily by changing 
their electrical and optical properties 
Charge transport polymers (intrinsic polymers) have become the most established 
semiconducting organic systems because of their commercial use in xerographic 
photoreceptors. The first of such devices (introduced by IBM in 1 972) was a single layer 
charged transfer polymer, namely trinitrofluorenone doped PVK. Most charge transport 
polymers including PVK, triarylamine doped polycarbonate and polysilanes are p-type 
materials [7]. Although n-type materials have been reported, their charge mobility of 
� lO-:! cm2N.s is about three orders of magnitude lower than p-type materials. The lack of 
high mobility electron transport materials is a critical weakness associat d with 
semiconducting organics. The world of semiconducting polymers will likely to remain p-
type if high mobil ity n-type materials are not discovered [8]. 
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In this thesis our work focus on the last type, conjugated polymer, namely polyaniline 
(P AN) and poly(3-methylthiophene) (PMT). Thus, in tIllS introduction we will first 
consider understanding the basics of conjugated polymers, their properties and how they 
conduct electrical charge as compared to metals. 
1.2. Conjuga ted polyme rs- Gene ra l p roperties 
Conjugated polymers are semiconductors that have a framework of alternating single 
(a) and double (rr) carbon-carbon (sometimes carbon-nitrogen or carbon-sulfur) bonds. 
Figure 1.2 shows the stnlcture of the simplest conjugated polymer, polyacetylene that was 
fITst studied by Shirakawa, MacDiannid, and Heeger in 1977 [1]. The researchers earned 
obel Prize in Chemistry in 2000 for their work on conductive polymers. 
(a) 
(b) 
Figu re 1 .2 :  Structu re o f  ( a )  trans- polyacety iene, and ( b )  cis- polyacety lene. 
Semiconductor polymers can be easily fabricated, as well as the design of new 
materials with different band gaps and electron affinities. Stnlctures of some typical 
conjugated polymers can be seen in figure 1.3. 
The orbitals of n-bonds in conjugated polymers show partial overlapping that gives 
the electrons freedom of free movement (delocalized electrons) along the chain and the 
interchange of single and double bonds [4,8,9]. The a bonds are fixed, immobile, and 
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Figu re 1 .3 :  Structure of some conducting (conj ugated) polymers. 
strongly bonded. This leads to various energy states, band gaps, so the conductive and 
optical characteristics can be observed in n-conjugated polymers. This difference in 
energy between the valence band (HOMO) and the conduction band (LUMO) depends on 
the chain length more than the de localized n electrons. Furthermore, the electronic states 
in conjugated polymers have limited delocalization; therefore the number of repeat units 
determines the electronic structure of a given conjugated polymer. This is particularly 
prevalent in systems containing aromatic rings since the aromatic character localizes the 
electronic wave functions. As a result of this delocalization a conjugated polymer's band 
gap (HOMO-LUMO gap) is largely detemlined by its local electronic structure [10]. The 
delocalised n-electrons along the polymer backbone give it the ability to support positive 
(polymer oxidation) or negative (polymer reduction) charge caniers with high mobility 
along the polymer chain. The mechanism of charge transfer in these materials is not the 
same as inorganic semiconductors, due to the chain distortion of the polymer upon charge 
injection. The electrical and optical properties of organic molecules and polymers depend 
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not only on their molecular structure but also on the crystal structure and the morphology, 
therefore on the preparation method and also on nature of dopant and Ie el of doping 
[11-13]. 
1.3. Tra n sformation fro m insulati n g  to conductive poly m e r  
1 .3 . 1 .  Doping for con d uctivi ty e n ha nceme n t  
The current interest in conductive polymers began in the 1970's, when it was 
found that the electrical conductivity of polyacetylene, a semiconductor, could be 
increased by over fifteen orders of magnitude by treatment with oxidizing agents such 
as iodine [14]. Polyacetylene has been the most theoretically and experimentally 
studied conducting polymer at that time, owing to its simple conjugated structure and 
high conductivity (10 4 -10 6 S cm -I), compared to that of metals [15]. However in 
successive years the interest to study various types of conducting polymers such as 
polyaniline, polypyrole and polythiophene systems was grown extensively. 
Conductive polymers generally exhibit semiconductor to insulating levels of 
conductivity in their pristine state, due to a relatively wide band gap. However they can 
be made conductive by a process called "doping". The term "doping" is derived in 
analogy to semiconductor systems. However, doping does not refer to the replacement 
of atoms in the materials' framework. Doping in the case of a conductive polymer 
refers to injection of charges (via oxidation or reduction) in the polymer molecules. 
These charges can exist as cations, cation radicals, anion radicals, dications, or dianion 
speCIes [10]. Furthermore, adding electron-donating or accepting species to the 
polymer can create charges. This can result in creating electrons (reduction) or holes 
(oxidation) that enhances conductivity of the polymer chain. The doping material are 
typically molecules or atoms with a large electron affmity or a small ionization potential 
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acting as acceptors or donors. Examples are h, Br2, Ch, AsFs, LiCI04 as acceptors 
while the selection of donors is limited to the alkali metals such as Li, Na, Ca and K 
[16]. Therefore, p-type conductivity is more common and it also renders higher 
conducti ities with a better stability. The doping is done using vapors or solutions of 
the dopant, or electrochemically, and sometimes, the polymer and dopant are dissolved 
in the same olvent before forming the film or powder. The polymer backbone and 
dopant ions form three-dimensional structures. The level of doping that determines the 
conductivity, optical properties and work function of final material depends on its redox 
state. It can be easily controlled while the polymer still in solution with an external 
applied voltage, or remove it from the electrolyte following the electrochemical doping 
step "open cell potential" [17] 
1 .3.2.  Mec h a n ism of con d uctiv i ty in doped polymers 
Conducting polymers are frequently called "synthetic metals" because they 
possess electrical, electronic, magnetic and optical properties inherent to metals or 
semiconductors, such as polyphenylvinyl (PPV) are of order 10-12 (Ohm cm)"l, doped 
conjugated polymers have achieved conductivities> 105 (Ollin cm)"1 which is close to 
copper [18]. While the mechanical properties of conventional polymers retains as it is. 
These properties are intrinsic to the doped material. 
In intrinsic conducting polymers the conductivity is assigned to the delocalized 
n-electrons 0 er the polymeric backbone, changing the electrical properties, such as 
low energy optical transitions, low ionization potentials and high electron affinities. 
In order to render conjugated polymer to electrically conductive, it is necessary 
to introduce mobile carriers into the delocalized n system. This is achieved by doping. 
This process can be assigned as p-doping or n-doping in relation to the positive (holes 
carries) or negative (electrons carries) sign of the injected charge in the polymer chain 
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by analogy to doping in inorganic semiconductors. These charges remain delocalized 
being neutralized by the incorporation of counter-ions (anions or cations) denominated 
dopants [19]. Figure 1.4a shows p-type dopant of Iran - polyacetylene (trans-PA). The 
extra charges added to the chain become self-localized, resulting in a structural defect in 
the bond alternation, which show energy band as a state (hopping state) in the middle of 
the band gap, see figure lAb. These defects are called solitons. In p-types the soliton is 
positively charged, where electrons are transferred from the polymer chain to the 
acceptor leaving holes behind. The charged soliton becomes electrostatic bound to the 
dopant ion. Also a few neutral solitons are present with highly mobile solitons without 
doping [10]. 
a 
H H H H 
f I I I 
/C� /C::,.... /C, 9C C C + C 
I I I 
H H H 
A 
H 
I 
C9
C .......... 
I 
H 
Figure. 1 .4a: Charged soliton in trans-PA w ith an acceptor dopant A. 
And A has donated a hole into the chain and it  becomes (A-) beside the 
polymer chain .  
b 
---- CONDUCIDN BAND 
o 0 MID-GAP STATE 
VALENCE BAND 
Figu re. 1 .4b :  So l iton mid-gap state between the  valence band and 
conduction band. 
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A new defect sections are introduced, when charge carriers are added to polymer 
chain, as hown in figure 1 .5 .  They have a quinoid structure of a higher energy than the 
normal form (polymer chain). These charge defects are called polarons if singly 
charged and bipolarons if doubly charged. The soliton and polaron states are the basis 
of the hopping conductivity typical for conducting polymers. Only for the highest 
doping Ie eis can they give rise to band conduction. 
A 
B 
C 
Figu re. 1 .5 :  (A )  Charge stored in  solitons, in trans- polyacety iene, and 
(B)  bipolarons in poly th iophene. The figu res are p-type charge ca rriers, 
and (C)  The conducting aU form of PAN is formed by protonation of 
emeral ide base or charge transfer doping of leucoemeraldine base. 
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A metal wire conducts electricity because the electrons in the metals are free to 
move. The conduction in doped polymers have different route though. In the 
oxidation, using polyacet lene as example, the iodine molecules attract an electron from 
the polyacet lene chain and become r3 . The polyacetylene molecule is positively 
charged, and is termed a radical cation, or polaron. The lonely electron of the double 
bond, from which, an electron was removed, can be moved easily. TIle positive charge 
is fixed by electrostatic attraction to the iodide ion [20]. If an electrical field is then 
applied, the electrons constituting the 'IT-bonds can move rapidly along the molecular 
chain. Figure 1.6 shows this visualization. 
The doped polymer is a salt. It is important to notice that it is not the iodide or 
alkali ions that move to create the current, but the electrons from the conjugated double 
bonds. If a strong electrical field is applied, the iodide and alkali ions can move either 
towards or away from the polymer. This means that the direction of the doping reaction 
can be controlled and the conductive polymer can easily be switched on or off (charging 
and discharging). Due to this property, doped polymers can be used for charge storage 
as batteries. 
The conductivity of polymers can be affected by several factors, such as : 
• The type of polymer. If the polymer consists of many polymer chains, the 
conductivity will be limited, where the electrons have to jump form one chain to 
another. 
• Chain length. As the chain length increases the conductivity increase. 
• Structure of polymer chain. The conductivity of crystalline polymer is higher 
than amorphous ones. 
• Level of doping. 
• Type of charge carriers. 
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• 
Figu re. 1 .6 :  Oxidative doping of polyacety lene by iodine and a schematic 
representation of the deloca l ization of the resulting polaron . 
• 
Figu re 1 . 7 :  Cation radical  polyacety lene. 
The conductivity (8) of conducting polymers is related to the number of charge 
carriers. n, and their mobility, )l.. according to the relation : 
8= 11 e )l. eq uation 1 . 1  
Where e is the charge carrier. Because the band gap of conjugated polymers is usually 
large, n is very small under ambient conditions. Consequently, conjugated polymers are 
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insulators in their neutral state. Furthermore, n is a function of oxidation or reduction state 
for doped conjugated polymers. And � for organic/inorganic hybrid is less than 
metaVinorganic hybrid materials. 
Conducting polymer chains serve as the molecular wire to which receptors are 
covalently attached. It is known that the conductivity of conducting polymer can vary by 
several orders of magnitude in response to even minor perturbations in the chemical 
structure, oxidation state, electronic environment, and for solid state ordering of the 
material [21]. 
1.4 Hybrid conduct i n g  polymers 
Organic-inorganic hybrid materials present special challenges and opportunities with 
re pect to potential applications. This is because of combining distinct properties of 
organic and inorganic components within a single molecular composite. Organic materials 
offer structural flexibility, convenient processing, tunable electronic properties, 
photoconductivity, efficient luminescence, and the potential for semiconducting-metal 
behavior. Inorganic compounds provide the potential for high carrier mobilities, band gap 
tunability, a range of magnetic and dielectric properties, and thermal and mechanical 
stability [22]. The interfaces of organic-inorganic material leads to enhance or a new 
property can be resulted. 
The combination of organic and inorganic materials could result in materials with 
nano-scale dimensions that possess high potential for advanced applications in electronic, 
magnetic, optical photonic and chemical sensing applications [23]. Thus, nano-structured 
materials have attracted considerable attention because of their unique properties when 
applied in nano-devices [24-26]. Conducting polymers have proven to be excellent host 
for inorganic nano-particles because of their metal-like conductivity that reaches a range as 
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high as 1 03_ 1 05 !em and their relative large n-conjugation length [27] . One of the major 
drawbacks of existing conducting polymers has been their insolubility and hence process­
ability that limited their technological applications. Conducting polymers have been 
formed from acetylene, pyrrole, thiophene, and various benzene derivatives [26]. 
Electrically conducting polymers are attracting considerable attention at present in view of 
the po ibility of exploiting these materials in applications [27] such as rechargeable 
batteries, photo oltaic devices, electro-chromic light modulators, and polymer light­
emitting diodes [28]. For instance, polypyrrole, polythiophene and polyaniline were 
utilized for construction of different sensor devices [29]. Therefore, an organic-inorganic 
"hybrid" material would result in a new material of special properties. The present work 
was initially intended towards the synthesis of new materials made of combining 
conducting polymer that worked as a " host-matrix" for the deposition of inorganic guest 
structures with dimensions that lied in the nano-scale. 
1.5 Electrochemical sy n thes is  a nd cha racterizat ion of 
conducti n g  polymers 
Conducting polymers are modem materials of var IOUS present and future 
appJ ications. The synthesis and properties of these materials have been studied extensi ely 
due to growing interest in the mechanisms of their redox transformations between their 
conductive and semi-conducting states. The choice of synthetic method for fabrication of 
conducting materials depends on the desired characteristics of the resulting polymer. 
While there are many methods commonly in use, they are generally divided into two main 
categories of chemical and electrochemical polymerization. The chemical synthesis 
involves the formation of conjugated polymer with high molecular weight and week 
mechanical properties, which is subsequently followed by oxidation or reduction to convert 
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the obtained materials into the conducti e polymers. The electrochemical ynthesis of 
conducting polymer offers many advantages over chemical synthesis, including the in-situ 
d position of the polymer at the electrode surface and, hence, el iminating processib i l i ty 
problems and the contro l of the thickness, morphology and degree of polymer doping by 
the quantity of charge passed. In addition, the polymers are simultaneously oxidized to 
their doped conducting forms during polymer growth.  The polymerization is carried out 
in a single-compartment cell with a c lassic three-electrode configuration. The working 
e lectrode i s  typically platinum, gold, carbon or glass coated with t in oxide/indium oxide. 
The reference electrode is a saturated calomel electrode (SCE) or a si lver/si lver chloride 
electrode (Ag/AgCl) .  The aux i l iary e lectrode could be a platinum, nickeL copper wire or 
heet. 
Kiralp et a1. [30]  has reported that, a chemical and electrochemical (constant 
current) methods used to synthesize a new thiophene derivative containing methyl group. 
And under conditions of constant potential electrolyses, methyl-derived thiophene is used 
to synthesize copolymers with pyrrole .  Cyclic vo ltammetry (CV), thermal analysis (DSC, 
TGA) and scanning electron m icroscopy ( SEM) analyses were used for the 
characterization of samples. Whereas Zotti and his team [3 1 ]  prepared electrochemical ly 
poly(3 ,4-ethylenedioxythiophene) (PEDT) poly(styrene-sulfonate) ( PSS), produced from 
acidic (PSSH) and basic ( PSSNa) PSS .  These two polymers were characterized by CV, 
V-vi spectroscopy, and XP  and compared with electrochemically prepared PEDT/ 
tosylate and chemical ly prepared PEDT/PSS. CV analysis shows that, the polymer 
synthesis is  strongly affected by the nuc leophi l ic character of the counter anion. A lthough 
CV and UV -vis spectroscopy show that the structure and degree of polymerization of the 
PEDT backbone is the same for a l l  po lymers. XPS explains the d ifference in conductivi ty 
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alues for these materials and also by solvent-induced nanometer-scale segregation 
between PEDT/P S and e cess PSS particles. 
Zhang et al [ 3 2 ]  ha successfully electrochemical ly deposited polythiophene ( PTh) 
and metal into the pores of a microporous alumina membrane using metal l ic gold (Au) and 
il er (Ag) nanowire arrays coated with polythiophene (PTh) fi lms. The diameter of the 
composite nanowires was 200 run and that of the metall ic nanowires was about 1 00 run. 
The morphology of the composite nanowires has been characterized by an optical 
microscope, Raman spectroscopy scanning and transmission electron microscopy, and 
their electrochemical property has also been investigated. 
Wen and his worker [ 3 3 ]  used electrochemical method for synthesized copolymer 
of pyrrole ( Py) and 2,2'-dithiodian i l ine ( DTDA) in organic medium (propylene carbonate, 
PC).  This copolymer was investigated by CY, UV-vis spectro-electrochemical study. I R ,  
and (SEM). CV that was obtained from non-aqueous media containing a n  electrolyte ( 
LiCIO-t), shows that the polymerization rate of pyrrole is  decreased upon addition of 
DTDA in the growth solution. This involves the possible branched structure for the 
copolymer. The morphological structure of the copolymer obtained using SEM, shows 
that a branch of DTDA units result ing in -S-S- l inks in the poly(pyrrole) structure. UV­
visible spectrum showed three optical transitions ( 390, 540, and 800 run) for d ifferent 
appl ied potentials .  And also it showed that a fixed stoichiometric rat io of oxidized to 
reduced form exists at 425 nm , when the P( Py-DTDA) copolymer film is oxidized 
success] e ly by applying potentials. 
Synthesis and characterization of nanotubes and nanOWlres of conducti ng 
polypyrrole, poly(3 ,4-ethylenedioxythiophene), and polyan i l ine are described by ]00 et al 
[ 34 ] .  They used nanoporous template through electrochemical polymerization method, the 
DB SA, C , TBAPF6, or H C I 04 was used a a dopant. and disti l led water, acetonotri le. 
or 
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MP was used as solvent. The formation of conducting polymer nanotube (CPNT) and 
nanowire (CPNW) was confmned from the SEM and TEM pictures shows that, the 
diameter and length of CPNT and CPNW were 200 run and 1 0  - 40 run. Furthermore, they 
found the synthe is conditions such as polymerization t ime, current, and dopant 
determined the length, nanotube, nanowire, and thickness of wal l .  The structure of the 
polymer has been investigated by UV -vis absorbance spectra and X-ray diffraction (XRD) 
patterns. Also DC conductivity and I -V characteristic curve were measured for the 
systems prepared with various conditions of synthesis. 
1 .6 C hemically Surfa ce M odified Electrodes 
The chemical modification of electrode surface with a suitable reagent might result 
in the control of the rates and selectivities of electrochemical reactions at the sol id/l iquid 
i nterface. The electrode surface could be categorized into five major groups i n  terms of 
appl ication or structure: electrocatalysis, preconcentration, membrane barriers, 
e lectroreleasing and microstructures [ 3 5 ] .  Different reagents can be attached to the surface 
of electrode surface; for example, dichloromethane-soluble poly( 3 4-
ethylenedioxythiophene) modified with ol igo-ethylene oxide chains of d ifferent lengths 
were used to produce mono- and multi layer films on i ndium tin oxide ( ITO) glass 
electrodes and float glass sheets [36J ,  polyani l ine, poly(2-methoxyani l ine) and poly(2 's­
dimethoxyan i l ine) were electrochemical ly deposited on gold electrodes modi fied with sel f­
assembled alkanethiol mono layers [ 3 7 ] . The chemical functional ization of the electrode 
surface with anchoring groups to attach reagents by definable covalent bonds was studied 
by Pereira et al [ 3 8 ] .  This approach was used to improve the sensit ivity and selecti i ty of 
the electro analytical probes .  
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Conducting polymers are electrochemical ly deposited on the surface of electrode to 
act as sensor [ 39 ] .  Chemically modified electrodes have attracted great attention in  
analytical applications due to the possibi l i ty of electrode surface modification i nc luding 
chemisorption, composite generation and polymer coating [40 ] . For example, a glass 
carbon electrode modified with Malachite Green was used to determine dopamine and 
ascorbic acid [4 1 ] . Also, mercury can be used as electrode [42 ] .  Although, using 
conducting polymer to prevent electrode-fouling causing by oxidation reaction has 
in  estigated by Lu, Wal lace, and Imisides [43 ] .  They found that the electrode foul ing was 
al leviated with polymers i ncorporating counter- ions containing hydrophi l ic groups. A 
significant improvement was obtained using polypyrrole with o-aminobenzesulfonic acid 
incorporated .  Whereas, Wierzbinski and Szklarczyk [44] reported that, organic fi l m  
con ists o f  (o-methoxyani l ine) monomer can deposited o n  GaAs electrodes i n  an 
adsorption process. The modified electrodes were examined by potentiodynamic and 
potentiostatic methods. They found that the morphology of the modified electrodes 
depend on the concentration of organic monomer in aqueous solution, electrode potential 
and oxidation time. Galabi  and Nozad [45] used organic modified electrodes for catalysis 
appl ications. They used a glassy carbon electrode modified by a thin film of poly( 0-
aminophenol )  containing Pt, Pt-Ru and Pt-Sn micropartic les for electro-catalytic oxidation 
of methanol .  Furthennore, cyc l ic voltammetry shows that the polymer fi l m  i ncreases 
considerably the effic iency of oxidation of methanol when modified with Pt rnicro­
particles. Moreover, the catalytic activity of Pt part ic les is further enhanced when Ru or 
special ly Sn is co-deposited in the polymer fi lm .  
Not  on ly  organic polymers or  organic-metal nanocomposite materials are used as 
an adlayer on the surface of electrodes, but also as organic coating with sol-gel especia l ly 
tetraethoxysi lane ha been used as modified electrodes [46 ] .  They are employed as 
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corrosion-re istant primers, and high-temperature coatings for metals .  Mekhal i f  et al [47]  
grafted n-he yltrichlorosi lane and 6-( l '-pyrrolyl)-n-hexyl-trichlorosilane on ITO substrates 
where p rrole was electrochemical ly polymerized in acetonitri le and also in aqueous 
olution , and they used X-ray photoelectron spectroscopy; SEM, Qual i tative peel tests, 
V spectroscopy and CV used to characterized the product fi lm.  Whereas, Kulesza and 
his group [48] studied the abi l ity of negatives charge carriers to be formed by a 
polyoxometal late (dodecamolybdophosphate) mono layers on sol id electrode surfaces. 
Fol lowing that the hybrid films containing u ltra thin conducting polymer (polyani l i ne)  
layers was formed by repeated and alternate treatments 1 0  solutions of 
dodecamolybdophosphate anions and ani l in ium cations leading to stable three-dimensional 
mult i layer hybrid assembl ies. Moreover, the potentials of redox processes of 
dodecamolybdophosphate appear i n  the potential range where polyan i l i ne is  conductive, 
which al lows the system to act ivate reversibly and reproducibly in acid electrolyte. 
Also sol-gel i s  used as a support for polymer fi lm on the surface of electrode. L iu  
[49] and his team have prepared uniform oriented nanowires contain ing molecularly 
al igned conduct ing polymers (polyan i l i ne)  to support the polymer and without using a 
porous membrane template. First ly a large number of nuc lei were deposited on the 
substrate using a large current density. After that, the current density was reduced stepwise 
i n  order to grow the oriented nanowires from the nucleation s ites created in  the first step. 
Furthermore. they demonstrated that control led nucleation and growth is a general 
approach and has potential for growing oriented nanostructures of other materials .  This 
new polymer structures can be used as sensor device for H202 . 
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1 . 7  Ap plications of h ybrid ma terials 
Organic-inorganic hybrid materials have attracted considerable attention due to the 
abi l i ty of these materials to combine the chemical and mechanical properties of polymers 
with the electronic properties of metals and semiconductors [SO ] .  So there are possibi l i t ies 
of creation of new materials with new properties for use in such appl ications as 
electrocatalysis, chemical sensors microelectronic devices and batteries. 
There is a great deal of interest to the mechanism of charge photogeneration, 
separation, and transport in  hybrid materials [S I ,S2 ] .  Paol i  and his coworkers [ S 3 ]  
describe the assembl ing of a sol id-state electrochromic device using polypyrrole and W03 
doped with dodecylsulfate. Glass sl ides coated with tin-doped indium oxide were used as 
substrates and copolymer with ethylene oxide and epichlorohydrin containing L i  
perchlorate used as  sol id elastomeric electrolyte. The thickness of the polypyrrole and the 
e lectrolyte films were varied to obtain the h ighest chromatic contrast, stab i l i ty over a h igh 
number of redox cyc les, and short response times. They found that, the chromatic contrast 
in the visible and near infrared wavelength rang is 30% and the electric and optical 
properties of the devices remain unchanged after 1 .S x 1 04 double potent ials 
chronoamperometric steps. A lthough, Lee and Yoshino [S4] measured the photocurrent 
act ion spectra of the Al/poly(3 -dodecylthiophene) (P3DDT )/ITO and AulP3 DDT/ITO 
sandwich cells. They observed that, both I TO and Au have photo-injection at room 
temperature. At low temperature, there is no photo-injection from ITO e lectrode and also 
polarity was not found i n  ITOI P3DDT/Au. 
Development of electrical equipment such as cel lu lar phones and portable 
computers has i ncreased the production of batteries [ S S ] .  Technology development of 
electrical devices and electronic equipments needs batteries with high energy, low- cost, 
long l i fe, en ironmenta l ly  safe and rechargeable. Scrosati et a1. [S6]  discussed the 
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electrochemical characterization of gel-type polymer electrolyte membranes for 
development of plastic l i thium ion batteries. They studied the i nterfacial behavior of both 
negative (carbonaceous materials) and positive ( l ithium transition metal oxides) e lectrodes. 
Kotz and Carlen [ 57 ]  discussed the basic principal of electrochemical capacitors ( ECs). 
ECs store the energy in  the electric field of the electrochemical double-layer. 
The mo t important applicat ion of hybrid organic modified electrode is in the field 
of electrochemical analysis as chemical or biochemical sensors. I n  publ ished art icle by 
Komaba et al [58 ] ,  urea deposited electrochemically into polypyrrole on a platinum 
electrode was used as urea biosensor. This enzyme-polypyrrole modified electrode showed 
a stable potentia l  response to urea based on the pH response of the electro i nactive 
polypyrrole fi lm electrode. This sensor responsed to a concentration range of: l x l O-4- 0 . 3  
mol dm-3 urea. Furthermore, hybrid material may also be used as catalysts. Thus, Chen 
and Cai [59] reported that the Pt microparticles dispersed in a poly(o-phenylenediam ine) 
film can be used for the electro-catalytic reduction of hydrogen peroxide. Also the 
environmental medium (pH, concentration, and potential scan rate) was studied. Sadik and 
argent [60] i nvestigated the mechanisms of antibondy-antigen interactions at the 
conducting polypyrrole electrodes, using impedance spectroscopy techniques. 
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Hybrid organic/inorganic materials attracted extensive attraction recently .  More 
important is the preparation of structures in the sub-micro scale out of these hybrids or 
compo ites. The electrochemical/electronic properties are of great value for the future of 
high-tech appl ications. Several approaches for the synthesis of such materials can be 
addressed. In this thesi s  the candidate used organic conducting polymers as the main 
matrix and an inorganic layer was added using electro-deposition for Pt particles or dip­
coati ng for a sol-gel layer. Several issues concerning this new c lass of materials need 
further c lari fication. In this thesis, the candidate attempts the fol lowing goals: 
To synthesis a hybrid organiclinorganic material by two different methods: the first 
is  based on electrochemically depositing a conducti ng polymer fol lowed by 
electrodeposit ing Pt part ic les, and the second is based on dip coating the 
conducting polymer with a sol-gel layer. 
To ary the structure of resulting hybrid material : ( i )  inorganic part ic les dispersed 
within the conduct ing polymeric matrix, ( i i )  a sol -gel layer covers the conducting 
polymer, ( i i i )  a "sandwich" type material of conducting polymerlsol-gel/conducting 
polymer or sol-ge l/polymer/sol-gel . 
To study and characterize the electrochemical/electronic properties of the resul t ing 
materials, namely, the capacit ive nature and charge conduction through fi lm 
matrices. 
To determine the thermal stabi l ity of the resulting hybrid material and compare this 
property for the two approaches of incorporat ing the inorganic moiety. 
To record the surface morphology of the result ing materials and relate it to the 
electrochemical measurement results .  
To determine the elemental composition and structural aspects of the result ing 
films.  
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To correlate the results of the experimental measurements with the properties of the 
films. 
This work will not cover all aspects of properties expected for the result ing materials, 
howe er, the candidate would l ike to introduce the new c lass of this material that to our 
best of knowledge was not studied before. 
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3. 1 M a terials a nd Reagen ts 
3. 1 . 1 Meta l Su bstrates 
Two types of metal were used for polymer film deposition : 
Platinum (99.998% puratronic) and graphite rods (spectroscopic grade, 99.9995%), both 
from Alfa Ae ar (MA, USA). Platinum has the dimension of 1 .2 mm diameter and 3 .0 
cm long was used for the growth of polymer films prepared for surface measurements. 
The second t pe of platinum was imbedded within Teflon housing and it had an apparent 
urface area of 0.07 cm2 this type of electrode was used to characterize polymer fi lms by 
electrochemical impedance spectroscopy as wel l  as other electrochemical characterization 
experiments. Graphite rods with a diameter of 0.6 cm and a length of 3 .0 cm were used to 
deposit the polymer fi lms for Scanning Electron Microscope (SEM) and Fourier­
Transfom1 I nfra Red spectroscopy (FT l R) experiments. 
3. 1 .2 Reage n ts a n d  Sol u tion Prepa rations 
3-methylthiphene (MT), Ani l ine (AN), sulfuric acid, nitric acid, acetonitri le 
(AcN), potassium hexachloroplatinate tetra-butyl ammonium tetra-fluoroborate 
(TBA TFB), formamide, ethanol ,  sodium chloride, tetra-ethyl orthosi l icate (TEOSi) ,  
titanium ethoxide ( EOTi ), iron ethoxide ( I I I )  ( EOFe), and cerium methoxyethoxide 
(MeEOCe), used for polymer fi lm growth. sol gel preparation and polymer 
characterization in this study were high purity grade reagents. Al l  chemicals were 
purchased from Aldrich Chern. Co. (Mi lwaukee, W I .  USA ) and used as received 
without further puri fication. 
olutions used for electrochemical synthesis and characterizations were prepared 
by dissolving a pre-weighed sample or from stock and d i luted using dry acetonitri le or 
di t i l lated water. 
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Solvents used in the electropolymerization were dist i l led, purified accord ing to 
tandard method [6 1 ] ,  and kept over molecular sieve type A4 for at least 48 hours prior 
to u e. 
3 . 1 .3 Electrode m o u n ti n g  a n d  electrochem ica l cel ls  
Electrochemical polymerizations were carried out in a three-electrode system 
cel l  where the working electrode was a platinum disc (wire or sheet) or graphite rod .  
A l l  the potentials in  the polymerization, the voltammetric studies, and the 
electrochemical impedance spectroscopic (ElS)  measurements were referenced to an 
Ag/AgCI saturated electrode. The auxi l iary electrode (the third electrode) was p lat inum 
sheet with an apparent surface area of 2 x 2 cm2 or platinum wire with 1 0  cm length and 
1 . 5 mm diameter purchased from Alfa Aesar (NJ, USA).  Al l  the electrodes were 
pol ished prior to the electropolymerization step according to the fol lowing steps: the 
electrode was mechanical ly pol ished using meta l lurgical papers of different grades 600-
1 200. This was fol lowed by rubbing the surface with filter paper. Final ly the surface 
was pol ished with fine tissue using slurry of alumina ( 1  0 �lm)/water unt i l  no visible 
scratches were observed. Prior to immersion in the cel l ,  the substrate was rinsed with 
dist i l led water, dried and i t  was then thoroughly de greased in  methanol .  F inal ly,  the 
sol id  sub trate was rinsed with conductivity water, not; solvent employed in the next 
experiment, dried and immediately put in use. For the purpose of spec imens 
preparation for the scann ing electron microscope (SEM)  and surface re flectance fourier­
transform infra spectroscopy ( SRFT I RS)  experiments, graphite rods were employed. 
Care was taken into account to avoid touching the substrate surface by hands. 
All electrochemical syntheses were performed in a conventional 1 00 mL flat 
bottom ( Pyrex) glass cel l .  I t  was fitted with top cover Teflon lid with tlu·ee in let joints 
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as shown in figure 3.1. The central opening was used to introduce the sol id substrate 
(working electrode) onto which the polymer is deposited Goint inlet A).  The second 
inlet (B )  wa used to introduce the reference electrode bridge tube. The tube tip was 
fitted with a icor t ip and a shrinkable Teflon tube to minimize diffusion. The tip of the 
reference electrode bridge was always adjusted as near as possible to the surface of the 
working electrode (sol id substrate on which polymer was deposited) by manipulating 
the joint position. The remaining inlet (C) in the lid was used to introduce the platinum 
counter electrode. 
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Figu re 3 . 1 :  E lectrochem ical cell used for the synthesis of the polymer fi lm.  
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3.2  Equi p m en ts, I n strum enta tion,  a nd E x peri m en tal set-up 
3.2. 1 E lectrochem ical  Equ ipments 
An EG & G potentiostat I galvanostat model 37 1 A  (Princeton Applied Research, 
U A) was u ed for the polymer fi lm formation. The formed polymer fi lm was 
examined using a Gamry CM system equipped with a PC and a Garnry 
control/analysis-software (Gamry, I nc . ,  USA). 
The formed polymer fi lm was accomplished using constant appl ied potential . 
The thickness of grafted polymer fi lm affected by the time. 
3.2.2 Polymer  fi l m  fo rmation 
The electro synthesis of the conducting polymer fi lm was achieved using the EG 
& G potentiostat. The synthesis solution for polyani l ine (PAN) consisted of 0 .5 M 
sulfuric acid, and 0.05 M of ani l ine and for poly(3-methylthiophene) (PMT), 0. 1 M 
teterabutyl arnmonium hexafluoroborate (TBAHFB), 0 .05 M 3-methylthiophene (MT) 
dissol ed in dry acetonitri le  (AcN).  The formed potential for PAN was 0 .8  V [42] ,  and 
for PMT was 1 . 8 V [62] with control lable thickness. Thickness of the deposited 
polymer was related to the time in which the potential iostat was switched on to fonn 
different thicknesses at different times. 
3.2.3 Poly m e r/ Plati n u m  prepa ra tion 
Polymer fi lms modi fication with platinum was caLTied out by electrochemical 
deposition using the same equipments for polymers synthesis  as indicated previously. 
The fol lowing teps were used for platinum deposition on the surface of polymer fi lms: 
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First, the working electrode was washed using disti l led water for PAN fi lms and 
acetonitri le  for PMT fi lms fol lowed by dist i l led water. Then the electrode was 
introduced in the ame cell used for the electrochemical formation of polymer 
containing pota s ium hexachloroplatinate ( 1  % ) dissolved in 0 .5 M sulfuric acid as 
electrolyte. The same program for polymer film deposition on the surface of electrode 
was also used, then a potential of 0.9 V was appl ied to the polymer film to deposit the 
Pt particles. 
3.2.4 Sol-gel p repa ration for coati ng  polymer fi l m s  
The second method used for polymer fi lms modi fication was achieved using a 
sol gel mixture coati ng (applied only for PMT) and was carried out by dip-coating of 
the substrate with a S i l ica-based sol-gel for one minute. The sol-gel solution prepared 
by adding 1 0  mL of TEOSi, 2 .5  mL of EOTi, 0 . 1 g of MeEOCe, 4 ml of formamide 
(CH]CONH2), 3 5 . 5 mL of ethanol (C2HsOH), and 3mL of 0. 1 N n itric ac id ( HN 03) in 
250 mL conical flask with continuous stirring for two hours at room temperature. The 
formed solution was white in color. 
The substrates that were used for applying the coating with this mixture were 
three types: the first samples were graphite electrodes init ial ly coated with the 
conducting polymer layer, then dipped in sol-gel solution. The second were graphite 
electrodes coated with sol -gel solution then a polymer fi lm was deposited and after that 
another layer of the sol-gel was added, that is l ike a sandwich (sol-gel-polymer- ol-ge l ) .  
For the third samples, the graphite electrode first ly coated with polymer then a sol-gel 
coating and finally a layer of polymer (polymer _sol-gel �olymer). The deposited 
polymer thickness in all three types of samples was 60 s and dipping in sol-gel solution 
for 60 s. 
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3.2 .4. 1 Prepa ration of a mod u le fi l m  from the coat ing materia l  
After d ip  coating with sol-gel solution, the module fi lms were dried a t  room 
temperature for 48 hours. Another module film was obtained by calcinations at 350 °C 
for 1 5  minutes, used for EM microscopic investigations. 
S ince the physical surface areas of the test electrodes are very smal l ,  i t  is rather 
impractical to carry out any bulk characterization for the coating material on substrate 
with the prepared sol-gel mixture. Therefore, a module film was prepared by dip 
coating of a glass-sl ide substrate with the prepared sol mixture. After drying and 
calcinations, the module film was used for SEM microscopic investigations. TGA 
samples from the module fi lm " coating-layer" were obtained by scrubbing the dry fi lm 
with a hard meta l l ic tool off the surface of the substrate. Moreover, these samples were 
also used for SEM microscopy and XRD measurements. 
3.2 .4.2 P repa ra tion of a b u lk sa m ple  from the coat ing m ateria l  
Bu lk  sample of the mixture one and two of si l ica sol-gel were obtained by 
al lowing a smal l portion of the prepared coating sol ,  placed in a glass watch, to dry at 
room temperature for a 24 hrs period. The dry bulk thus obtained was used for XRD 
and TGA characterization. 
3.2 .5  I norga nic  hybrid com ponent  a p pl ication to the  poly mer fi l m  
The grafting of the polymer fi lm  over the substrate was then fol lowed by the 
appl ication of the inorganic component to the polymer. The sol id substrates coated with 
polymer were then dipped in the sol-gel solution . The sol id substrates were then heated 
in a conventional oven for 30 minutes at 60 °C .  The coated polymer with a dried sol-gel 
layer was then inserted into a fi ri ng autoc Ja  e for 1 5  minutes at 350°C .  
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The reaction mixture described abo e underv ent a sol-gel process with the 
TEt inorganic pr cur or to produce the hybrid materials at the surface of the 
conducting polymer film. In general, the sol-gel procedure con ists of the steps hovv'll 
in  figure 3.2 [ 6 3 ]. 
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Crystal l ine  
ceramic 
No ncry tal l ine 
ceramic . 
e.g. Xerogels. 
Aerogels . . .  
G lasses 
Figu re3.2 : General  tep in the o l-gel ynthe i of ceramic material . 
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3.2.6 Poly mer/bybrid film c b a racterization 
3.2.6. 1 Electrocbem ical I m peda nce Spectroscopy ( E I S) 
meas u rements 
The E 1  measurements on  polymer or  polymer/hybrid films were performed at 
room temperature in a 0. 1 M sulfuric acid for PAN and in 0. 1 M TBAHFP solution for 
PMT. Some e periments were carried out in  0. 1 M NaCI  for s i l ica sol-gel m ixture 
coated surfaces. A three-electrode electrochemical cell with a saturated Ag/ AgCI 
reference electrode and a platinum counter electrode, was also used for all 
measurements. The exposed sample area was 0.07 cm2 in case of platinum substrate­
covered with polymer film and 0.3 cm2 for the case of using graphite substrate. 
The E1S measurements were carried out with the (Gamry ) CMS 1 00 
electrochemical impedance system. The measurements were performed under 
potentiostatic control at different applied potentials [64 ] .  The test conditions are l i sted 
in table 3 . 1 .  
The electrode was first left at open c ircuit potential (that i s  with no appl ied 
potential) for about 1 200 s, and then the designated DC potential was used during the 
E 1S  run .  A s ine wave voltage ( 1 0m/s) peal to peak, at the frequencies between 5 .0x 1 0
3 
Hz to 2 .0  x 1 0·2 Hz, was superimposed on the appl ied direct (and constant) potential . 
Al l  the E 1  mea urements were automatical ly control led with the aid of the computer 
program provided by Gamry. The direct potential appl ied was decided from the cycl ic  
vol tammetric experiments ( the potentials at  the peaks) recorded for the fi lm in the 
given electro lyte, i .e .  0. 1 M H2S041H20 for PAN or O . I M  TBAH FP/AcN or 0 . 1 M 
aClIH20 for PMT. 
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Table 3. 1 : E IS  test conditions 
Reference electrode 
Counter electrode 
Electrolyte 
Electrolyte concentration 
Tested a rea 
Frequency range 
Ac potential 
Dc potential 
Ag/AgCI 
Platinum 
- TBAHFP or NaCI for PMT. 
- H2S04 for PAN 
0. 1 M 
0.07 or 0 .3  cm2 
2x 1 0-2 - 5 .0 x l 03 Hz 
1 0 mV 
-0.5 - 1 .2 V for polymer fi lms and S i l ica-coated 
polymer fi lms from cyclic voltammoram for Pt 
3.2.6.2 S u rface instru menta tion a n d  m eas u remen ts 
Polymer and hybrid fi lms were characterized usmg scannmg electron 
microscope (SEM) equipped with an energy depressive X-ray analyzer ( EDXA), 
surface reflectance Fourier-transform ( infra-red) spectroscopy ( S RFTIRS), X-ray 
diffraction (XRD) and x-ray photoelectron spectroscopy (XPS) .  
A Jeol Model JSM-5600 SEM equipped with E DXA capabi l ity was used for 
urface morphological determination. The instrument is ful ly computerized with 1 8-
300,000 times magnification power, with guaranteed resolution of 3 . 5  nm, acquisit ion 
of both secondary and back-scattered electron images. For some experiments, the 
samples were coated with a thin fi lm of gold, under low pressure, to e l iminate the effect 
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of charging during measurements. A Jeol JFC- 1 200 fine coater was used for this 
purpose and a current of l O rnA was appl ied for different thickness of polymers. 
SRFTIR experiments were achieved using a Nicolet Magna- I R  spectrometer, 
Nic-Plan I R-microscope and a Spectra Tech stage control ler. Al l  results were analyzed 
using an Omnic software and l ibrary. 
For XRD experiments, a Phi l ips analytical x-ray instrument equipped with a 
diffract-meter type PW 1 840 was used. The instrument is equipped with a Cu anode, 
with a generator tension of 40 KV, a generator cutTent of 30 rnA. The receiving s l i t  was 
set at 0 .2 .  Other conditions for the experiment-setup are l i sted in table 3 .2 .  
The three-electrode electrochemical ce l l  used for the preparation of samples for 
surface analysis was identical to that used for electrochemical characterizations. 
aturated Ag/ AgCl reference electrode and a plat inum sheet counter electrode were 
used. The working electrode was in the fonn of a graphite rod or a plat inum wire with 
nominal surface area about 1 .0 or 5 .0 cm2 according to the cel l  used. The 
electrochemical cel l  was a Pyrex glass cyl inder with a flat circular piece of glass fused 
on each end. A platinum sheet counter electrode of large area was housed inside the 
chamber. The ca ity is connected to the worki ng electrode throw a Luggin capi l lary 
tube. Polymer fi lm formation was carried out in 0.05 M MT, and O. J M TBAHFP in 
AcN or A and 0 .5  M sul furic acid.  EG & G potentiostatJ Galvanostat was used for 
polymer fi lm fonnation in a l l  cases for subsequent urface measurements. 
3.2.6.3 X-ray d iffraction 
X-ray d iffraction analyses were performed on polymer film grafted onto 
Platinum substrates. The polymer fi lms were formed by cycl ic  voltarnnletric technique 
for 20 cycles in the potential window indicated in the results and discussion section. 
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Experiments were perfonned on polymer fi lm immersed in the sol-gel prepared 
olution for one minute and on as prepared conduct ing polymer fi lms without s i l ica or 
platinum coating. Fi lms were then peeled off the platinum substrate surface using a 
sharp lab knife, dried and introduced into the diffractometer. Test conditions are l isted 
as indicated in table 3 .2 .  
Table 3.2: Test conditions for X-Ray Diffraction experiments 
Difractometer type PW 1 840 
Tube anode eu 
Generator tension 40 KV 
Generator cu rrent 30 mA 
Wavelength al 1 .54056 AO 
Wavelength a2 1 . 54439 AO 
I n tensity ration (a l l a2) 0.500 
Monochromator used No 
Ful l  scale of recorder 1 0 K conuntls 
Time constant of recorder 0.5 
Start angle 2.0 1 0° (2  8) 
3 5  
3.2.6.4 Sca n n ing Electron Microscopy ( S E M) 
Samples inve t igated by SEM were prepared as previously described i n  the 
preceding section. Except that, polymer fi lms prepared with di fferent thickness and 
d ifferent thickness of platinum particles that precipitated over the polymer and also 
different arrangement of polymer and sol gel layers were examined. Thus, the polymer 
film was first prepared using a constant applied potential , Eapp= 0.8 V (vs. Ag/ AgCl )  
for time period between 1 5  s and 400 s for PAN and for PMT for 1 5  s and 60  s .  and 
coating time for Platinum particles was 1 ,  5, 30 minutes. The films were dried in the 
air introduced imm ediately  to the SEM chamber. I nformation regarding the elemental 
composition of the fi lm and their percentage were obtained form the E DXA 
measurements perfom1ed at the d ifferent films prepared. 
3.2.6.5 Fou rier-Tra nsfo rm I nfra Red ( FT- I R) spectroscopy 
The effect of loading the polymer fi lms with i norganic s i l icon-containing layer was 
examined using FT- I R  spectroscopic technique. Again, sample preparation was achieved 
as previously i nd icated for the X-ra diffraction samples. Some experiments were 
performed on the as-grown films without peel ing it from the sol id substrate using the 
S RFTIRS technique. Moreover, some experiments were also conducted using TGA 
coupled to FTIR measurements in order to identi fy  the d ifferent thermal transitions of the 
samples under investigations. 
3.2 .6.6 Therm a l  gravi m etric a n alysis 
Thermal gra imetric analyses were performed usmg a 2950 TGA instrument 
( Princeton, A). Heating rate was typical ly 5- 1 0De/minute and inert gasses used were 
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either purified nitrogen or helium. The TGA in trument was interfaced with an FTI R  
system that al lowed monitoring the gas outlet analysis. 
ample for thermal gravimetric analyses were prepared usmg the previously 
mentioned protocols and were scrubbed off the substrate surface thoroughly using a sharp 
laboratory knife .  Samples were desiccated prior to mounting on the TG instrument pan 
for weighing. Typical start up masses ranged between 8.0 mg to 50.0 mg for the tested 
amples. 
Model F i lm 
Glass substrate 
Figure 3.3 : Model film deposition on glass substrate. 
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4. 1 I n troduction 
I n  this chapter, the data presented into three sections. These sections came in  a logical 
rder to assess the aim of the thesis .  Thus, the first section deals with synthesis of polymeric 
film and their characterizat ion. Two different conducting polymeric systems were 
con idered: PAN and PMT. Both fi lms were deposited using electrochemical methods. 
E lectr chemical methods of synthesis does not only ensure the control over the film thickness 
but also the qual ity and level of doping of the polymer. The second section describes the 
modification of the polymeric fi lm with the inclusion of an organic/inorganic hybrid l ayer. 
Two different techniques were attempted in this work: the first is based on electrochemical 
depo ition of platinum particles that turned to be in the sub-micro-meter dimension; the 
econd is ba ed on the appl ication of the i norganic layer using the sol-gel technique. The 
third section compares the characteristics of the different films modified with the diverse 
inorganic structures. The characterization of the films extends from the electrochemical 
techniques, namely cyc l ic  voltammetry and electrochemical impedance spectroscopy (E IS )  to 
spectroscopic,  thermal, structural and surface measurements. 
4.2 Electrochem ical syn thesis of con ducti n g  p oly mer 
PA fi lms were fonned under constant applied potential of 0.8 V (vs. Ag/ Agel) for 
different time intervals. The t ime span spent for the fi lm fonnation is  bel ieved to control the 
thickness of the result ing polymer layer at the metal substrate . I n  a solution contain ing PAN 
fi lms at the platinum substrate, sul furic acid as the supporting electrolyte and the doping 
anion sulfate (solution concentrations are described in the experimental section and fi lm was 
fonned at 0 .8 V for 400 s), an anodic current at high electrode potential is observed in the first 
potential scan of the cycl ic  voltammetry experiments. Thus, a rise of anodic cunent begins at 
about 0 . 1 V. This ob iously indicates that the f01l11ation of PAN cation radicals proceeds as 
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expected at relatively low anodic potentials when compared to that c i ted earl ier in  the 
l i terature [65 ] .  Figure 4 . 1 presents repeated cycl ic voltammograms (CVs), obtained in twenty 
potential cans in the solution de cribed above for PAN film. Three redox couples are easi ly  
ident i fied at the fol lowing potential values: (0.2 V, 0.05 V), (0 . 5  V, 0 .4  V) ,  and (0.75 V,  0.6V) 
\\" ith corresponding hal f-wave potentials (E'I') and peak separations (t.Ep) of (0. 1 25 V ,  0 . 1 5  
V), (0 .45V, 0. 1 OV), and (0.675V, 0 . 1 5  V), respectively. The third redox couple corresponds 
to the two wel l-known redox transitions of PAN. When comparing these data to the 
leucoemeraldine-emarldine transition of PAN, the first redox couple is simi lar to that obtained 
earl ier in the l iterature [66] with the same expected reversibi lity. It is important to notice that 
the second anodic peak potential appears after the end of the first scan and when the upper 
potential scan is extended where the formation of degradation products is possible [67] . The 
gradual increase in current values with the number of cyc les is indicat ive of the fi lm 
thickening a t  the substrate surface.  On the other hand, the first, the tenth and the twentieth 
cycles of the CV of the polymer fi lm ( formed at constant appl ied potential of 0 .8  V for 350s) 
in  0 .5 M sulfuric acid solution are depicted in  figure 4 .2 .  The redox behavior of the polymer 
shows four distinct transitions at ca. (-0.0 1 1  V, 0 .283 V), (0.423 V, 0 .54 1 V), (0.480V, 
0.600V) and (0.6 1 5  V ,  0 .79 1 V), respectively.  Thus, the values of the redox transitions 
depicted from the CV data were used as a lead for the appl ied constant potential in the 
potent iostatic impedance experiments. As could be noticed from the CVs of figure 4 .2 ,  the 
position of the peak potentials shift with the increase in the cycle number and the peak 
currents decrease . I t  would be benefic ial to understand the electrochemical and electrical 
behavior of the fi lm before and after modification with the inorganic structure. Moreover, the 
size of the inorganic sub-micro-structures had a remarkable impact on those properties as wi l l  
be  shov" n later. 
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4.3 C h a racteriza tion of Polya nilin e ( PAN ) fil m s  
4.3 . 1 Cyclic Volta m metry (CV) of PAN fi lms 
Cyclic voltammetry e penments were performed at the potentiostatical ly formed 
PA fi lms formed at d ifferent time spans, i .e. with control led thickness. This set of 
experiments was aimed at identifying the general electrochemical behavior and 
re ersibi l ity of the doping-undoping processes of the polymer. Figures 4.3(a-f) show the 
CV s of films formed for 1 5  s, 60 s, 90 s, 1 20 s, 200 s and 350 s, respectively, and cycled i n  
0 . 5  M H2S04. A s  depicted from the data o f  figures 4 .3 (a-f), the intermediate redox 
couples, ca. (0 .423 V, 0 .54 1 V) and (0.480 V, 0 .600 V) cannot be identified for relatively 
thin fi lms, i .e .  those formed at 1 5  s 60 s, 90 s, and 1 20 s, respectively .  Moreover, i t  could 
be noticed that the peak potential positioning shifts arbitrari ly as the thickness of the fi lm 
changes. This could be assigned to  the structural d ifferences with the change in polymer 
fi lm thickness. The middle peaks in the CVs were attributed to a redox response of some 
intermediates fom1ed during the polymerization such as phenazine rings suggested by 
Genies et  a1 . [68] .  Others [69, 70]  suggested that the middle peak was due to either cross­
l inking induced during the polymerization and the oxidation product of PAN such as i ts 
partial hydrolysis to the corresponding quinone form. The increase in  the current values of 
the CV s can be attn buted to the increase in the volume of the fi lm that results in a change 
in the surface area with thickness. The last statement can better be ascribed as an increase 
in the active sites within the polymer fi lm that is responsible for the exchange of charge . 
Furthermore. the CV s behavior is indicative of the extent of electro-acti ity of the prepared 
film, this later property is not only important in identifying the potential of choice that wi l l  
be used for the EIS experiments but also when comparing i ts property to that modified 
with the inorganic tructures. 
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4.3.2 Electrochem ical I m peda n ce Spectroscopy of PAN films 
In  this experimental setup, a small  sine-wave amplitude (ca. 1 0 m V) and relatively 
broad [requenc range ( 1 .0 x 1 0-2 Hz to 5 .0  X 1 03 Hz) for EIS analysis was used. This 
" ould allow the separation and study of electrochemical processes that have different t ime 
con tants such as electrical conduction, ion transfer, and capacitance. Moreover, this could 
be achieved with almo t no perturbat ion to equi l ibrium [7 1 ] . Figure 4.4a shows the 
complex plane impedance plots produced from E IS  analysis of PAN film ( formed for 1 5  s 
u ing appl ied constant potential of 0 .8 V )  at d ifferent applied potentials, ca. -0.073 V,  
0 . 1 3 1  V, 0 .259 V,  and 0.682 V, respectively .  The intercepts of the PAN fi lms with 
relatively low bias potent ials, i .e .  before reaching the full oxidation state of the polymer 
film, with the real impedance (Z ') axis  are 1 3 .4 n, 7.5 n, 6.7 n, and 4.9 n, respectively. 
This indicates that the oxidized film is less resistive than the reduced ones. This evaluation 
is based on the assumption that the resistances of the electrical connections and the 
electrolytic solution are the same in all experiments. This is also based on the concept that 
the intercept is equivalent to the combined uncompensated electrical resistance of the 
capacitive fi lm,  electrolyte, and electrical connections [ 72 ] .  These results are in agreement 
with the concept that the doping level with sulfate anions increases as the applied bias 
potential shifts to more positive values. The impedance plots in  figure 4.4a show almost 
one component that is inc l ined at 45° both within the high- and low-frequency components 
of the plot. The projected length of the high-frequency Warburg-type l ine ( W) on the real 
ax is ( Z ') represents the slow ionic migration process through the fi lm pores that contains 
electrolytic components. The value of the Warburg-component ( W) contributes about one­
third of the fi lm's  ionic resistance at a l l  DC-potent ials presented [ 73 ] .  PAN fi lms tested at 
higher applied positive Dc-potentials showed lower ionic resi stances than that tested at 
negati e applied potential as indicated from the W values. Again as expected, lower 
50 
2 0  
1 .8 
1 6 
1 .4 
Vl 
0 1 .2 ....-i 
I 
X 
..-
] 1 .0 
0 
-
� 0 .8 
en 
� 
.5 
'-' 0 . 6  
0 . 4  
0 . 2  
0 . 0  
--..- E= -0.073 V 
· · · ·0 · . E= 0.259 V 
- T- - E= 0. 1 3 1  V 
---v . - E= 0.449 V 
--- - E= 0.682 V 
0 0  0 . 2  0 . 4  0 . 6  
( rea l  R / Ohm) x 1 04 
Figu re 4.4a : Nyquist plot of PAN formed at  0.8 V for 1 5s. 
5 1  
barrier to ionic transport in the PAN fi lms  is  shown at potential values between 0. 1 V and 
0.6 V [ 70] .  
The capac itance (Cp) of this relatively thin film increases with the appl ied dc-potential .  
pec ific capacitances ranged between the values 6.75 x 1 0-4 F.cm-2 and l . 1 1 x 1 0-4 F .cm-2 
for oxidized and reduced polymer fi lms, respectively. These values obtained from the 
equivalent c ircuit model ing protocol is comparable to those calculated from the s lope of a 
plot of the imaginary component of impedance (Z") at low frequency vs. the i nverse of 
frequency (f) using the equation [74] : 
c= (2 7tJZ"rl equation 4. 1 
The specific capacitance values the polymer fi lm are relatively lower than those 
reported for thicker films [75-77] .  Figure 4 Ab shows the E I S  data obtained for a PAN fi l m  
formed for -WO s at 0 . 8  V ,  i .e. a relatively thick fi l m .  A ful l  comparison for the E I S  data 
for PAN films with d ifferent thickness (as indicated by the duration of film formation) and 
te ted in 0 .5 M sulfuric acid is depicted in table 4 . 1 .  Several important points could be 
observed from the data of table 4. 1 :  
( i )  The polarization resistance values, Rp, decrease in  general with thickness; 
typical ly i ncrease with potential for relatively thin and thick fi lms. On the other 
hand, Rp values general ly decrease in value with potential .  This is expected, as for 
thin fi lms that possess compact structures, ionic conduction is  restricted. 
Wh i l e  for thick fi lms. insulating structures are expected as the morphology 
d isplays rather highly porous and i nsulat i ng layers .  F i lms with intermediate 
thic kness are rather opt i mized and combine fac i l e  m ixed electroni clionic 
conduction for the c harge trans fer. 
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Table "'. 1 :  EIS  data comparing PAN films with different thickness at different Eapp • 
Eopll Rs CPElRp 
. 
Cp W n 
V f2.enl x 10/ a1.s" x UI/f2.em2 x F.enl x l£r F.em} x 1(1 
1(1 
Film (IS s) 
-0.073 2.679 7.734 0.7783 7.77 1 3.270 
+0. 1 3 1  1 . 789 1 0.31 0.4900 36.65 0.4427 
+0.259 1 .836 1 0.82 0.4000 "5.69 0.3285 
+0.682 1 .976 52.38 0.2000 .. 7.28 0. 1 328 
Film (30 s) 
+0.0 1 7  2.69 1 25.08 0.3000 33.56 0.7228 
+0.209 2.027 1 0.9 1 0.3906 80.36 0. 1 065 
+0.403 2.055 20.94 0.229" 78.79 0.09675 
+0.696 2 . 1 1 7 37.34 0.4 1 36 1 0 1 .5 0.0" 1 36 
+0.794 2.2 1 9  22.27 0.8000 1 .. 9.4 
Film (45 s) 
+0.07 1 1 .899 1 5.42 0.38 1 1 62.5 1 0. 1 739 
+0.2 1 7  1 .899 1 1 .92 0.3965 98.73 0. 1 265 
+0.43 1 1 .932 22.73 0. 1 9 1 2  1 06.5 0.09853 
+0.507 1 .948 37.82 0 . 1 244 1 1 2.8 0.087 1 4  
+O. /H 1  1 .984 1 0.93 0.2000 1 09.3 0.06280 
+0.7 .... 2.032 36 ..... 0. 1 000 1 50A 0.03 1 29 
Film (60 s) 
+0.003 3.968 3 1 .37 0.2000 62.72 0.9964 
+0.207 1 .906 9.433 0.4034 1 65.5 0.07458 
+0.425 1 .922 2 1 .80 0. 1 737 1 62.7 0.06430 
+0.560 2 . 1 80 33.75 0.2000 95.46 0 . 1 094 
+0. 7 1 8  2 .0 1 8  24.88 0. 1 000 2 1 2. 1 0.02335 
+0.800 2. 1 66 1 4.60 0.9000 275.6 0.03 1 97 
Film (90 s) 
+0.037 2 .0 1 8  1 3.9" 0.3390 95.87 0. 1 395 
+0.209 1 .978 68.47 0.4647 1 94.4 0.097 1 0  
+0.42 1 2 .020 20.0 ] 0.2000 1 94.8 0.06934 
+0.5 1 9  2.024 34.95 0.2000 208.5 0.063 4 1  
+0.660 2.049 32.8 1 0. 1 800 2 1 7.5 0.04689 
+0.760 2.092 1 8. 1 4  0. 1 200 3 1 0.7 0.02"47 
Film (1 20 s) 
+0.000 3.370 1 07.4 - "99.6 0.6936 
+0.230 2.062 8.397 - 967.4 0.003000 
+0. -00 2.029 23.96 - 1 09 1  0.003 1 1 0  
+0.620 2.052 1 7.29 - 1 083 0.003083 
+0.750 2.054 5.982 - 1 966 0.007650 
Film (200 s) 
+0.099 1 .950 1 . 1 56 0.3000 .. 5 1 4  0.0 1 248 
+0.237 1 .833 3.229 0. ] 500 5974 0.0095 1 9  
+0.4 1 4  1 .848 7.426 - 5760 0.008554 
+0.500 ] .857 9.067 - 6493 0.0080 1 7  
+0.572 1 .875 1 2. 1 7  - 5486 0.007 1 29 
+0.743 1 .908 1 . 1 55 0. 1 000 9963 0.005286 
Film (350 s} 
+0.099 1 .9 .. 3 1 2.6" 0.2500 285.2 0.0068 1 2  
+0.280 1 .942 1 0.92 0.3000 464 . 1  0.0032 1 1  
+0.397 1 .975 1 9.99 0.2500 423.2 0.003058 
+0.5"9 1 .98 .. 32. 1 1  0. 1 500 509.6 0.002"3 1 
+0.739 1 .99 1 1 2 .84 0. 1 000 605.7 0.002325 
Film (400 s} 
+0. 1 1 5 1 .837 1 1 . 1 6  - 725.9 0.00 1 0"0 
+0.300 1 .908 1 7.38 - 1 065 0.003735 
+0.393 1 .907 30.47 - 96 1 .5 0.003506 
+0.503 1 .900 3 1 .67 - 1 045 0.003455 
+0.-59 1 .926 50.23 - 1 089 0.00320 1 
+0.700 1 9.26 2 1 .96 - 1 1 80 0.003589 
* n-values are given when equivalent c i rcui t  number 2 is used for model ing. 
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( i i )  The capacitance values of the fi lms are rather interesting. Thus, the increase in  
the capacitive nature of  the same fi lm with applied potential i s  ful ly justified by  the 
inclusion of the doping anions, sulfate in the present case that is accompanied by the 
swel l ing of the fi lm matrix .  Moreover, as  the fi lm thickness increases i ts  capacitive 
nature improves. This is explained in terms of the increase in the active sites and 
surface volume of the fi lm that work as electrical receptors for charge acc umulation 
from the electro lytic solution. More important is the specific capacitance that soared 
about three orders of magnitudes, nanlely for films formed for 200 s that seemed to 
have an optimwn storage capacity at appl ied DC voltage of +0.743 V .  The 
calculated value in this case is about 1 .42 x 1 0- 1 F .cm-2 and is relatively h igher than 
that reported in the l iterature [ 78 ] . F igure 4 .5 shows the increase in  capacitance of 
the PAN fi lms with the film fonnation t ime, i .e. its thickness. We wi l l  assume that 
the charge consumed during the electro-polymerization is a measure of the 
corresponding fi lm  thickness and we wi l l  ignore any side reaction(s) at the surface of 
the electrode or in the electro lyt ic cel l .  The behavior looks l inear for relatively thin 
fi lms and starts to deviate to elevated values due to the moderate electrolyt ic access 
and the average compactness of the polymer fi lm.  As the thickness of the fi lms 
increases, however, electrolytes have l imited access at the i nner layers of the fi lm  
and as  a result, ion d iffusion is restricted to  a l l  parts of the polymer with in  the t inle 
frame of the capacitance measurements. This in tum would l im it the material of 
polymer that can contribute to the measured capac itance causing its value to 
decrease. This leads to the conclusion that the contribution of a given film to the 
capacitance is not only dependent on the amount of polymer fi lm present but also on 
its accessibi l i ty to the ionic charge from solut ion . 
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2 50 
( i i i )  The choice of  the constant phase element (CPE) for some experiments i n  our 
c ircuit model ing is due to the possible inhomogeneous reaction rate on the surface of 
the polymer that might take place at some thickness and appl ied potential values. 
Another possible explanation of this choice as mentioned earl ier [64] i s  as the 
thickness of the film varies and consequently i ts composition, its conductivity also 
changes. then the resultant impedance spectrum should c losely approximate that of a 
CPE.  
( iv) The value of n was in general less than 0.5 and rarely mounts to 0.9. As this 
value approaches 1 .0, as for many real metal or sol id  electrodes, the measured 
impedance in the double-layer region (with no faradic current) fol lows a power law, 
according to:  
eq uat ion 4.2 
where QO is given by : ( I�I ) at '" = i radls 
Furthem10re, this picture can be more compl icated as the surface roughness changes 
with thickness. 
(v) An example of the Bode p lot obtained for P AN fi lm formed for 400 s and 
tested with a DC appl ied voltage of 0 . 3  V is given in figure 4.6 .  The figure 
also shows the fitt ing of the model ( so l i d  l ines ) with those of the experi mental 
values ( dotted l i ne ) .  If  we assume a s l ope of zero at  the  low frequency 
domain that corresponds to constant phase angle shift of 90° that will indicate the 
passage of current through pure resistances. mainly that for the electrolyte and for 
polarization. This is fol lowed by a change in  the slope, to a negati e value of 
57  
4 00 0 00 
� ..... � 
,.� / -1 0 .00 3.50 -20.00 
3 00 -30.00 
E .c (i) 2- -40 .00 <l) C;, �? <l) ::. 2 .50 :; e. u <l) 0 -50 .00 :2 en Ol 
en ..c 0 a.. ....J 2 .00 -60.00 
-70.00 
1 .50 
...................... -80.00 
1 .00 -90.00 
-2 00 - 1 .00 0 .00 1 .00 2 .00 3.00 4 .00 
Log Freq (Hz) 
Figure 4.6: I m pedance of PAN fil m  formed at 0.8 V for 400s. 
about - 1  of the Log impedance with log frequency that indicates the onset of the 
capacitive reactance and is accompanied by a gradual change in the phase angle to 
lo\ver values. At relatively higher frequencies the slope of the curve levels again and 
the phase angle approaches the value of 00 that announces the predominance of one 
resistance, that of the electrolyt ic solution. I t  is worth to notice that a minimum in  the 
phase angle was not possible here as the system transit towards the capacitive reactance. 
This could be explained in terms of the mixed ionic to electronic nature of the charge 
conductance through the fi lm.  
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4.4 C h a racterizatio n of m odified PAN fi l ms by Pt  pa rtic les 
4.4. 1 Cycl ic  volta m metry of modified PAN fi l m s  
I n  this section, the cyclic voltammetric behavior o f  PAN films fomled by 
applying constant potential of 0 .8  V for different t imes with and without the 
electrochemical deposition of Pt particles to the surface of the conducting polymer layer 
\va in estigated and compared. Thus figure 4.7a shows the CVs of polymer films 
formed for 60 s with and without the electrodeposition of Pt particles and cycled in  
0 .5  M H2S04 solution. The scan rate used was 50 mV/s, i n  aerated solution; the P t  
particles were electrochemical ly deposited as described before in the experimental 
sect ion using a constant appl ied potential of 0.09 V for 1 minute. As depicted from the 
data of figure 4.7a, three redox couples could be ident ified at ca. (0.0 V, 0 . 1 5  V) ,  
(0 .25  V,  0.420 V and 0 .50 V,  0 .59  V)  the intermediate redox couples, and (0 .76 V,  
0 .80 V) ,  respectively. The comparison of the two CVs of figure 4.7a shows that the 
redox couples are c learly identi fied in the case of the polymer loaded with Pt particles, 
nan1ely the i ntermediate redox couples. Moreover, two important features could be 
ident i fied for the CV of the polymer film loaded with Pt particles, the first is the 
sharpness of the redox peaks, and the second is the reversibi l ity of each of the redox 
teps that is more enhanced in general for the polymer containing Pt. The most 
important feature of the cyc l ic voltammetric response of the Pt-containing polymeric 
films is the relat ive increase in current response within the potent ial window studied 
when compared to the "un-modi fied" pol ymer fi lm .  This observation was already 
noticed earl ier for the cycl ic  voltammetric response of PMT films modified with Pd and 
tested for i ts catalytic activity towards the reduction of oxygen [ 79 ] .  The electro­
catalytic activity of the P A films modi fied by the inclusion of Pt particles depends on 
the shape, the distribution density, of the metal l ic partic les as could be concluded from 
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the cyclic voltammetric curves. In reference to the SEM pictures of PAN films modified 
by Pt particles, in fol lowed section, the shape of metal l ic particles is c learly spherical and 
compact for both thin and thick fi lms (cf. figures 4. 1 2a, 4 . l 2a b, and 4 . 1 3  in SEM section). 
Whi le the shape of Pt particles shows more cluster-like structure when extending the time 
of metal electrodeposition (cf. figures 4 . 1 2c- 4 . l 2f in SEM section). Moreover, the spatial 
distribution of the Pt particles with the polymer layer is more pronounced for short 
electrodepostion time when compared to thicker particulate layers. The comparison of the 
CV s hows also that the discharge potential of the metal is in the range of the de-doping of 
the polymer film and where the film became non-conducting. Taking into consideration 
the relatively low conductivity and hydrophobic character of the polymer fi lm, the 
distribution of the metal in  the polymer is  expected to be heterogeneous in  nature when the 
electrodeposition of Pt partic les takes place at constant potential of 0 .09 V .  This w i l l  
affect the doping/de-doping electrochemical mechanism of the polymer. It is important to 
consider at this point the explanation of the enhancement in the intem1ediate redox couples 
of the CVs. The first couple, at ca. 0 .25 V and 0.420 V corres-pond to the reduction! re­
oxidation of the oxide layer of the meta l l ic particles. The second at ca.0 .50 V and 0 .59 V 
are probably due to the presence of oxygen and correspond to its redox behavior. The 
an10unt of current recorded over a Pt electrode in the same solution, shows noticeable 
decrease within the same potential window for the redox process of oxygen (cf. figure 
4 .7a) .  This observation proves the importance of the spat ial distribution of meta l l ic Pt 
throughout the polymer fi lm and the effect contributed by the shape of partic les deposited . 
For polymer fi lms modified by the electrodeposition of relatively l arger amounts of Pt 
particles two factors should be considered for the increase in the values of current densities 
(cf. figure 4 .7b), on one hand the increase in the surface area of exposed Pt to the 
electrolyt ic solution, and the morphology/spat ial distribution of these partic les. 
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for 200s, and doping fUm with Pt particles for 60s. 
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In summary we can conclude that there are three major changes in the CVs depicted in  
figures 4 .7a-4. 7e; the appearance of  more than one redox couple, the shift in the position of  
the oxidation/reduction potentials of the attributed processes and the not iceable change i n  
the shape of the corresponding peaks. In order to explain the peculiar behavior o f  the CV s, 
first it important to notice that as the potential exceeds the values of ca. 0.65 V, i .e .  as the 
anodic peak is passed, protons are expel led from the protonated amine structures within the 
polymer film. In  addition, it is expected that the adsorption and insertion of the anionic 
species from the electrolytic solution, i .e. SO/- in this case to neutral ize the positive 
charges injected i nto the polymer fi lm by its oxidation, starts to take place as the potential 
exceeds the anodic peak. As the potential decreases and the reduction ( cathodic)  peak is  
reached, desorption and de-doping of anions reverse the polymer fi lm to i ts  neutral state. 
At this stage the protons are being injected back again to the polymer fi lm, and the an1 ine 
structures became protonated. It has been suggested in the l iterature from the quartz 
microbalance studies that the major species exchanged during the doping/de-doping 
processes are the protons [80] . Therefore, if we consider the increase in the catalyt ic  
efficiency of 2 H+ /H2 exchange at the surface of Pt partic les, the amount of current passing 
during this process should expectedly increase and leads to the observed sharpness in the 
oxidation/reduction peaks.  Secondly, the intermediate peaks were previously reported to 
be due to the presence of chemical ly different types of aromatic amine groups that have 
different basicities depending on whether they are primary or secondary amines [ 8 1 ]. The 
pKa alues of protonated ani l ine and diphenylamine are 4.63 and 0 .79, respectively, for 
primary and secondary amine forms within the polymer chain [ 82 ] .  A proposed 
mechanism as found in the l i terature for the po I ymerization of PAN by Kumar et al . [8 r] .  
I t  could be noticed that the result ing structure contains both ani l ine and diphenylamine 
moieties. 
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In conclu ion, as the amount of Pt deposited increases, i ts corresponding 
morphology chang s and the I-V curve change considerably (cf. figures 4 .7b and 4.7c) .  
Moreo er, as the thickness of the underlying polymer film layer increases the current 
increase with the appearance of complex reduction waves for the same amount of Pt 
deposited (cf. figure 4 .7d) .  
H 
�� - \ 
H 
Polymer 
H o-� l - \ 
H 
Figure 4 .8 :  M echanism of oxidative electro polymerization of an i l ine. 
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4.4.2 E lectrochem ical I m ped a n ce S pectroscopy of modified PAN 
fi lms 
The modification of PAN films with P t  particles was suggested to  i nvest igate the 
effect of the spatial distribution of metal l ic part ic les within the polymer fi lm on its 
morphology and on the electrochemical behavior of the resulting hybrid/composite in 
acidic electrolytes. Thus, in this section the results of EIS of PAN fi lms grown with 
different thickness and modified with Pt partic les electrochemically deposited using 
different t imes are displayed and discussed. I t  is important to mention that i n  the 
present set of data, the same experimental conditions for running the E IS  measurements 
were respected exactly as previously stated for non-modified PAN fi lms. For instance, 
small sine-wave ampl itude of ca. 1 0 m V superimposed over a constant DC-signal was 
appl ied to the Pt-modi fied polymer fi lm in the frequency range of 1 .0 x 1 0-2 Hz to 
5 .0 X 1 03 Hz. The effect of inclusion of Pt-particles on the d ifferent electrochemical 
processes within the polymer fi lm and at the polymer/electrolyte i nterface with different 
time constants such as charge migration, ionic transfer, and capacitive nature of the 
resulting hybrid/composite film would be ident ified.  Moreover, relatively negl igible 
perturbation to the studied system wi l l  be real ized. The constant DC-signal appl ied to 
the fi lm during the E IS  run was again determined from the CV s of the same fi l ms tested 
in 0.5 M H2S04, cf. data in previous section for cyc l ic voltarnmetry of Pt-modified PAN 
films. F igure 4 .9a shows the complex plane impedance plots generated from EI  
measurement of PAN film grown for 30 s a t  0 .8  V and modi fied with P t  that was 
electrochemical ly deposited for 60 s at 0.09 V (cf. experimental section ). For PAN 
films formed for 30 s and modified with Pt deposited for 60 s, the constant DC­
potent ials were ca. 0.095 V,  0 .232 V, 0.443 V,  0.503 V,  0 . 564 V, and 0 .7 1 8  V ,  
respecti e ly .  The choice of the dc  signal not only al lows the study of the redox 
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proce ses that affect the electrochemical properties that alter the charge transfer at the 
interface and within the polymer fi lm, but al 0 covers the potential window through 
which the pol mer witches i ts property from relati ely low conductive ( for un-doped 
state) to that of a highly conducting ( for doped state) films. In general, the impedance 
increases with appl ied potential and the hal f  diameter of the impedance curve i ncreases. 
This behavior is apparently unique for this relatively thin fi lm of PAN when compared 
to thicker fi lms as depicted in figures 4 .9b-4.9i that shows rather straight l ines with 
equivalent slopes. Thus, for the relatively thin film formed at 30 s and modi fied with 
the Pt partic les, a Warburg behavior is  observed at relatively high potentials applied and 
corresponding to peak potentials from CVs. On the other hand, the early increase in the 
imaginary impedance and the lack of any indication of any semi-circ le at h igh 
frequencies shows that the interfacial charge transfer processes are very fast for thicker 
polymers and at all potentials appl ied. This finding is  in agreement with the model 
proposed by Mathias et al. [84] .  Thus, a very smal l  Warburg region can be identified at 
high frequencies that are fol lowed by a pseUdo-capacitive increase. This  contrasted 
what was stated in previous work [85 ] where a semicircle was found that was referred to 
the part ial degradation of the fi lm.  Furthermore, the total conductivity of  the fi lms 
general ly decreases with thickness and appl ied potential as could be estimated by 
extrapolating the pseudo-capacit ive part of the impedance curve to the real axis  after 
subtracting the electrolyt ic resistance [ 86] . The oxidation of PAN is wel l  known to be 
strongly dependent on the appl ied potential and the pH of the electrolytic solution 
[87 ,88 ] .  The polymer/electro lyte interface strongly depends on these two factors, 
namely the e lectronic and interfacial charge exchange [89-93 ] .  The fact that for some 
PA fi lm , namely those formed for 200 s with Pt deposited for 600 s, showing an arc 
at high frequency indicates a double-layer charging/discharging process. However. the 
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deposited for 1 800s. 
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double-layer characteristics of PAN should not be affected appreciably with an appl ied 
potential less than 0. 1 V [94 ) .  This was attributed to the insulating property of the fi lm at 
these potential values. Inspect ion of Nyquist plots of figures 4.9a-4.9i and table 4.2  
impl ies the fol lowing ob ervations: 
- The capacitance components for the PAN films and Pt particles, Cp and CPt, 
respecti e ly, i ncreases with applied potential. Exception for this observation is 
noticed for films formed for 30 s and deposited Pt particles for 60 s. 
- A faradaic process is predominant for the charge exchange at the film/electrolyte 
interface in  the low frequency domain as indicated by the change in the impedance 
values with the appl ied potential .  
- If we consider the double layer capacitance, Cdt, i s  manifested by the added values of 
the film and Pt-partic les capacitances, i .e .  Cdt = Cp + CPt, their values show 
conformity in change trend with potential and thickness of both fi lms and amount of 
Pt deposited . 
- The change in impedance values with appl ied potential for the same fi lm, and with 
change in  film structure at the nearly the same appl ied potential suggests that the 
double layer characteristics and the conduction mechanisms are significantly 
different. 
_ From the above observations, we should expect that the electronic conduction is  
higher at larger applied potentials and as the amount of Pt  partic les deposited 
l llcreases. This could be noticed from the decrease in the polarization resistance 
values of the fi lm and Pt layer, Rp and Rp/, respectively .  While this observation is 
true for relatively thick fi lms, i .e .  those formed for 60 s and 200 s, the resistance 
general ly increases with appl ied potential for re latively thinner films. Moreover, 
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Table 4.2 : E IS  data comparing PAN fi lms with different thickness and 
modified with Pt  particles wi th  d ifferent  amounts at  d ifferent Eapp 
Eop' Rs RICPE Rp, 7 Cr w V fl.. em} x 10' fl.. em} x 1ff fl..enl x F. em x U! F.cm x 1 0' F. em1 x 
lil'.sn x ](1 10' 4 4 ](y 
Film (30 s) 
PI (60 s) 
.. M95 2.329 l .23 1 2.863 1 .698 l .6 1 1 1 .900 
+0.232 1 .56 1  1 . 1 35 7.8"8 7.0 1 5  9.289 0.08505 
+O.�3 1 .549 0.980" 1 1 .25 0.7�6 5.28 1 0.0992" 
+0.508 1 .574 1 .000 5.230 0.6606 1 0.91 0.07777 
+0.564 1 .565 1 .000 3.684 0.7965 2.5"2 0.083"5 
+0. 7 1 8  1 .538 2.802 0.3547 0.8888 0.2080 0.08000 
Film (30 s) 
PI (600 s) 
.. 0.090 1 .499 0.3986 0.2 1 33 1 .368 \ .864 0. 1 02 1  
+0. 1 73 1 . 280 0 ... 23 1 1 ... 82 1 .235 9.296 0. U"2 
+0.236 1 ... 98 0.5"78 5.478 1 .343 1 8.42 0. 1 1 77 
+0.524 1 A 93 0.8 1 88 5.390 1 . 1 76 20.80 0. 1 3 1 1 
+0.580 1 .497 0.868 1 5.455 1 . 1 23 25.03 0. 1 250 
+0.73" 1 .522 0.5000 0.20 1 3  1 .657 28.07 0.09 1 78 
Film (30 s) 
. .  
PI (30 min) 
.. 0.085 1 .567 0. 1 8"5/0.6 0. 1 568 2 . 777 1 . 1 52 0.08365 
+0.2 1 7  1 .568 0. 1 299/0.7 0. 1 386 2.095 2.3" 1 0. 1 6 1 5  
+0.225 1 .587 0 . 1 228/0.8 0. 1 69" 1 .853 1 .807 0. 1 258 
+0.425 1 .553 0.2 1 1 7/0.6 0. 1 1 2 1  1 .95 1 2.8"2 0. 1 755 
+0.5 1 1  1 .562 0.2903/0.5 0. 1 1 37 1 .924 3.0 1 2  0. 1 522 
+0.590 1 .573 0.3803/0.- 0. 1 38" 1 .798 2.386 0. 1 280 
+O.73� 1 .397 0.2537/0.4 0. 1 62 1  2.797 0.01 488 0. 1 62 1  
Film (60 s) 
. .  
PI (60 s) 
+0.089 1 .595 0.3822/0.5 0. 1 339 3.875 3.5 1 5  0.03 1 55 
+0.2 1 7  1 .5"3 0.2436/0.6 0. 1 297 5 ... 69 5.050 0.02968 
+0.239 1 .535 0.2697/0.6 0. 1 50" 5.235 4.092 0.02469 
+0.496 1 .539 0.7999/0.3 0. 1 6 1 0  6 . .. 70 5.30 1 0.02089 
+0.S46 l .5 .. 9 1 . \ 39/0.3 0. 1 879 6.080 4.832 0.0 1 296 
+0. 7 1 4  \ .597 0.7378/0.2 0.2"23 7.588 5.883 0.01 085 
Film (60 s) 
Pt (600 s)" 1 .590 0.665 1 /0.4 0.3252 1 . 1 72 356 . 1  0.09078 
+0.085 1 .593 0.9029/0'" 0.8508 1 .507 230.5 0.07275 
+0.2 1 7  1 .606 1 .087/0.4 0.968 1 1 .489 2 1 8. 1 0.07003 
+0.239 1 .60 1 1 .80 1 /0 ... 2.552 1 .593 54.51 0.07627 
+0.506 1 .60 1 1 .86 1 /0.5 0.079 1 8  1 .49 .  3.04" 0.0 .... 56 
+0.560 1 .604 0.9000/0.4 0.022 1 9  2 . ..  1 1  0.9 .... 8 0.05000 
+0.73" 
Film (60 s) 
. .  
PI(30 m i n} 1 .633 0.032 1 1 /0.7 0. 1 023 1 8  ... 1 1 .568 0.02063 
+0.037 1 .598 0.07000/0.6 0.09920 1 0.79 0 ..... 36 0.05 1 22 
+0.203 1 .622 0.07000/0.6 0.088"3 9.735 0.7622 0.05262 
+0.286 1 .637 0.05 1 58/0.6 0.09 1 0" 8. 1 "3 1 . 1 86 0.05 1 69 
+0.420 1 .627 0.06599/0.6 0.095 J 4  7.768 1 .073 0.0"750 
+0.476 1 .6 J J 0.09000/0.6 0.091 05 7.655 0.98"6 0.0"770 
+0.49" 1 .624 0.07222/0.4 0.098 1 6  9.530 1 .527 0.04959 
+0.630 1 .6"6 0.0 .... 8 1 /0.3 0. 1 2"8 1 5.2 1 2.57 1 0.05295 
+0.758 
** The econd eq u ivalent c i rcu it, hown in figu re 4 . 1 0b is used where a constant 
pha e elem ent, C PE, i s  used. 
80 
Table 4.2 (contd. ) :  EIS data comparing PAN films w ith different thickness and 
modified w ith Pt particles with different amounts at d i fferent .  
Eapp 
Eapll Rs RICPE Rpi 7 Cr w V f2.cm1 x f2.cm2 x 1(/ f2.cm1 x F. em x 1([ F.cm x 1 0- F. em1 x 
101 gf.sn x ](1 101 4 4 ](1 
Film (200 s) 
. .  
Pt (60 s) 
+0.05 I A62 0.03675/0A 0.09· H I  43.80 82.29 0.007840 
+0. 1 9 1  1 ,422 0.04282/0.6 0.07820 57.39 1 1 4 . 1  0.006075 
+0.297 1 .395 0.091 79/0.5 0.08506 55.5 1 78.76 0.006204 
+0.520 I A03 0. 1 0 1 4/0,4 0. 1 082 57.74 75.02 0.004366 
+0.726 I A99 0. 1 5 1 3/0.2 1 9.38 1 60.6 20H 0.006323 
Fi lm (200 s) 
. .  
Pt (600 s) 1 0436 0.03829/0.6 0.08860 65.83 67. 1 2  0.0056·tj 
+0. 1 9 1  1 .396 0.06924/0.6 0. 1 0 1 2  64.40 46. 1 4  0.00526 1 
+0.167 1 .398 0.06500/0.5 0.06500 75.60 85.84 0.00 1 085 
+0.395 1 04 1 7  0.096 1 6/OA 0. 1 1 40 65.96 57.78 0.004527 
+0.5 1 7  1 .4 1 5  0.08000/0.5 0 . 1 1 80 62.01 52.37 0.003479 
+0.537 1 .532 0.03876/0.2 0. 1 87 1  ] ] 0.8 35.95 0.004000 
+o.n� 
Film (200 sL 
Pt (30 m i n) J .475 0.02226/0A 0.05971 7 1 .08 2.599 0.008437 
+0.047 J .448 0.03646/0.6 0.08307 90.30 97.06 0.004429 
+0.259 l .600 0.03000/0.6 0. 1 000 90.00 1 00.0 0.09500 
+OA09 1 .652 0.02000/0.7 0.358 1 77.50 1 7.73 0.003069 
+0.5 1 0  1 .634 0.0 1 300/0.9 0.3368 56.66 1 4.05 0.006206 
+0.545 1 .6 1 9  0.02305/0A 1 .3 1 1  1 0 1 .9 29.2 1 0 . 1 1 13 
+0.745 
x* The econd equivalent c ircu it, show n in figu re 4. 1 0b is used where a constan t  
p h a  e element, C P E ,  is  used. 
the i ncrease in amount of Pt deposited shows significant enhancement III 
conductivity, namely for relat ively thicker fi lms .  
- Two equivalent c ircuits were used for model ing and analyzing the data. The 
equivalent c ircuits used for fitting the data are depicted in  figures 4. 1 Oa, and 4 . 1 0b, 
respectively .  I n  the second c ircuit, a constant phase element, C P E, replaces the 
polarization resistance, Rp ( that was embedded with the Pt particle resistance 
component), and expresses the surface rouglmess developed by thickness and amount 
of Pt deposited (cf. figure 4 . 1 2  (a-f), and figure 4 . 1 3  in  EM section). 
8 1  
W E  
a 
W E  
b n 
Figu re 4. 1 0(a, b) :  I mpedance models of PAN fi lms with modified by Pt  partic les at  
d i fferent  potentia ls. 
- The fol lowing equations describe the analysis of Z (w) against potential plots for the 
Pt-modified PAN fi lms [94 ] :  
Z( w) = RS + ZI ( w) + ZPE ( w) + Zp ( w) 
1 
ZI (W) 
1 . ---- + }WCdl Rp + ZW 
1 . 
--- = }wCp Zp ( w) 
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equation 4.3 
equation 4A 
equation 4.5 
Where w is the angular frequency, Rs is the solution resistance, Z1 is the impedance of 
the PAN/electrolyte interface (corresponding to a combination of the two paral ie l  
circuits of fi lm and Pt particles in  form of a capacitive element in paral lel  with an 
ionic/electronic charge-transfer resistance), ZF is the bulk faradaic impedance 
attributed to the redox transition within the fi lm (consisting of a pseudo-capacitance 
in parallel with a resistor elements), ZlI' is the Warburg diffusion impedance (Zw = 
w/(jwrll2) (attributed to the d iffusion of ionic species within the fi lm), Rp is the 
polarization resistance (due to ionic charge transfer), Cd! is the double-layer 
capacitance, CF is the bulk faradaic pseudo-capacitance, and Zn;{w) is the element 
corresponding to a porous electrode surface. 
- With large amount of Pt particles loaded to the fi lm and relatively high appl ied 
potentials, the capacitive component of the fi lm increases as expected and in good 
agreement with the CV s' shown in the previous section that depicts a behavior 
similar to a capac itor with relatively large capacitance value [95 ] .  
- I t  i s  important t o  notice that ionic species are solvated and their migration within the 
polymeric fi lm depends on the pore size of the film. And since anionic species are 
the major components compensat ing for the charge within the polymer fi lm [89] ,  
contribution of water catalyt ical ly decomposing at  the Pt  part ic les i s  highly expected 
namely at high appl ied voltages. Thus, polarization resistance appreciably decreases 
with increased amount of Pt deposited for the same fi lm thickness. The shape and 
spatial distribution of Pt partic les should also contribute to the rate and mechanism of 
charge transfer leading to the remarkable electrocatalytic property of the fi lm.  
- Moreover, the impedance response of the films at  the low-frequency domain should 
be control led by the capacitive elements. However, the deposition of Pt lead to 
depreciated effect for appl ied potential for the same polymer thickness. 
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- From the data indicated in table 4.2, the value of solution resistance, Rs, i s  almost 
constant within the l imits of the experimental errors. The ionic/electronic charge­
transfer resi tances, Rp and Rpt, show gradual increase then decrease in value with the 
appl ied potential indicating that the migration of ionic species within the fi lm pores 
is not the only mean of charge exchange at the polymer/electrolyte interface.  This i s  
also observed with the relative change in the value of the Warburg element, W, that 
changes accordingly with the charge transfer resistances. The last observation 
indicates the key role-played by the Pt particles imbedded within the polymer film in 
the charge transfer. Another indication of this model is proved by the not iced 
increase in the capacitance values with thickness and amount of Pt deposited to the 
film. 
- The relative tabi l i ty of the electronic resistance, Rpt, indicates that while the ionic 
conductance within the film is a function of potential and thickness of the fi lm,  the 
electronic conductance is  not affected with the same conditions. Moreover the 
values of e lectronic resistance are relatively lower than those of ionic components. 
- As far as the effect of thickness is considered, the impedance arc is more pronounced 
with thickness of fi lm and amount of Pt deposited in the high-frequency domain .  
Moreo er, as  the impedance crosses the middle frequency range, the impedance 
increases indicating a capacit ive character for thick films.  This  finding suggests that 
the double-layer characteri stics and faradaic process are influenced by the thickness 
and Pt part icles density distribution and shape. 
- Although the general trend for all fi lms indicate a gradual shift to lower impedance 
values with appl ied potential, it would be difficult with in  the scope of this study to 
c lari fy the relation between the pore size and the distribution of Pt partic les or their 
shapes .  
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Further studies should be carried out to clarify the role of the substrate the 
effect of different anions, and type of different metal l ic particles used. 
4.4.3 Sca n n i n g  E lectro n  M icroscopy ( S E M )  of m od ified PAN fi l m s  
canning electron microscopy experiments were conducted in  order to 
i nvest igate the morphology of the films formed and their corresponding modifications. 
PAN films were electrochemical ly formed as previously described with speci fic 
thickness that depends on the amount of charge passed during the synthesis step. Two 
methods for modifying the films were fol lowed : ( i) electrochemical deposit ion of P t  
onto the polymer surface (cf. section 2 . 3  of the experimental section), and ( i i )  coat ing of 
the organic/inorganic hybrid layer prepared by the sol-gel technique (cf. section 2 .4  of 
the experimental section) by dipping the presynthesized conducting polymer i n  a beaker 
containing the sol -gel m ixture .  As for the second method of modi fication, a "constant" 
rate for dipping and pul l i ng the conducting polymer specimen was respected as 
carefully as possible. The dipping t ime of the conducting polymer in the sol-gel 
mixture reflects the duration taken for immersion. Thus, the morphology i nvestigated 
reflects the surface structure of the organic/inorganic layer over the conducting polymer 
substrate and was used as a guidance to explain the electrochemical data obtained. 
However. a correlation between the porosity and surface features of the add-on layer 
was not attempted for this work. The conduct ivity, morphology of the e lectrosynthe­
sized conduct ing polymer and its subsequent electrochemical propert ies depend to a 
great extent on the morphology of their structures [96 ] .  The SEM micrographs of PAN 
fi lms electrochemical ly  grown using constant applied potential of 0.8 V for 60 s and 
350 s are depicted in figures 4 . 1 1 a and 4 . 1 1  b, respect ively. I t  could be noticed that for 
relatively thinner fi lm ( cf. figure 4 . 1 1 a) ,  the surface morphology ( the side exposed to 
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a 
b 
Figu re 4.1 1 :  EM m icrogra phs of PAN ftlm formed for : (a )  60s , ( b) 3S0s, 
electroch e mically polym erized in O.SM su lfu ric acid olut ioo at O.8V. 
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the electrolyte) is fibrous and appears l ike a spaghetti noodle. On the other hand, the 
relati ely thicker film (cf. figure 4. 1 1 b)  has a rather more stacked and has more granular 
features. Moreover, the cavity size differs considerably when comparing the two 
micrographs. Thus, the net- l ike structure of PAN disappears with thickness that directly 
i nfluences the porosity of the film and consequently the extent of electrolyte d iffusion 
within the matrix [97 ] .  The later effect should be manifested in the capacitive character 
of the polymer as shown earlier in table 4 .3  of the EIS data of PAN fi lm grown with 
different thickness and at d ifferent appl ied potentials. Thus, for the polymer fi lms 
grown at 0 .8 V (vs. Ag/ AgCl )  for 60 s and those grown at the same appl ied potential for 
350 s, the capaci tive values varied with the appl ied potential to the polymer during the 
E IS  experiments between 62 x 1 0-6_ 280 X 1 0-6 F.cm2 and 280 x 1 0-6_ 6 1 0  X 1 0-6 F .cm2, 
respectively. 
P AN fi lms grown at d ifferent thickness and modified by electrochemical ly deposit ing 
platinum to their surfaces using different e lectrolysis t imes showed different morphological 
aspects and variations. F igure 4 . 1 2  (a-f) show the effect of changing the thickness of 
polymer and time used for Pt particles. For simplic ity, we wi l l  compare relatively thick 
and thin polymer fi lms with thin and thick Pt  layers. Therefore, the comparison is  made 
between conducting polymer layers formed potentiostatically at 0 . 8  V (vs.  Ag/AgCI )  for 
time intervals ranging form 30  s to 600 s with Pt layers deposited electrochemical ly for 60s 
and 5 minutes. Figure 4. 1 2a shows the SEM micrograph of a thin conducting polymer fi lm 
(formed for 30s) modified with a 60 s Pt - part icles layer. I n  figure 4 . 1 2a, i t  is c lear that the 
fi lm is relatively compact with few fibrous features and minimized pore size. This led to 
the formation of Pt partic les at the surface and barely imbedded within the polymer film 
matrix .  The size of Pt  partic les is in the range of 5 - 1 0  )lm.  Moreover, the distribution of 
the Pt partic les i s  l i nearly patterned on the surface. As the time of electropo lymerization 
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b 
Figure 4. 1 2(a,  b): SEM micrographs of (a )  PAN mm formed for 60s doped with Pt 
particle for Pt  1 m i n  and (b )  PAN mm formed for 45s doped w ith Pt pa rt icles for 
5 m i n  
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Figu re 4. 1 2 (c, d ) :  S E M  m icrographs of PAN fil m  formed for 200s, a t  0.8V, 
modified w i t h  Pt part icles for 5min at  0.09V 
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f 
Figu re 4. 1 2(e, f) :  SEM microgra phs for (e)  PAN fil m  formed for 200s doped by Pt 
part icle for 1 min and ( f)  PAN film formed for 600 doped by Pt  part icle for 5 m i n .  
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increases to 45 s, and the deposition time of Pt increases as wel l  to 5 minutes, the polymer 
layer became more compact and dispersion of Pt particles increases over the surface as 
depicted in figure 4. 1 2b .  This could be attributed to the increase in the number of active 
sites responsible for charge exchange at the polymer surface that is responsible for the 
nucleation of the Pt structures. It  was cited in the l iterature that the conductivity of the 
polymer film increases with thickness to reach a maximum and then starts to decrease 
l inearly [98 ] .  Figures 4 . 1 2c and 4. l 2d show the m icrograph of a PAN film grown for 200 s 
and a Pt was deposited for 5 minutes. Two important observations could be noticed in  this 
picture; the fust is the appearance of a granular- l ike structure of the polymer film, and the 
second is the formation of relatively bulk Pt structures within the film outermost surface.  
On one hand, the conducti i ty of the film at the polymer/electrolyte interface should be 
poorer than those of relatively thinner thickness and the nucleation of Pt is only possible 
through the channels present within the film surface.  The morphology of Pt grains is  rather 
peculiar with unique shel l - l ike structures as depicted in figure 4. 1 2d .  The reduction of 
t ime of deposition of Pt particles to 60 s for the same fi lm grown for 200 s shows relatively 
more ordered Pt part ic les with better dispersion at the polymer surface as shown in figure 
4 . 1 2e .  Further increase in the thickness of the polymer fi lm and the deposited Pt l ayer led 
to more surface irregularity for both the polymer fi lm and shape of Pt partic les as could be 
noticed from figure 4. 1 2f. At this point the experimental work was directed towards the 
optimization of the Pt part icle size to reach dimensions in the submicron size ( that is in the 
nano-scale dimension) and to achieve better di spersion of the Pt particles withi n the 
conducting polymer matrix .  This physical mix ing was intended to prepare a mechanical ly 
stable structure of the composite material . Figure 4. 1 3  shows the SEM micrograph of a 
PAN fi lm synthesized at 0 .8  V for 60 s and the Pt layer was prepared at applied potential 
0.9 V for 600 in the Pt-containing electro lyt ic  solution. As could be noticed from 
9 1  
figure 4 . 1 3 , th ize f Pt part ici  is  ba i al ly unifonn and nicely d i  per ed within the 
pol)  mer matrix with an indication of the it embedding in the pol ymer layer. 
Figu re 4.13 :  S E M  microgra ph fo r PAN falm y n thes ized at 0.8 V for 60 s and 
followed doped with  Pt pa rticles at 0.09 fo r 600 s 
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4.4.4 Thermal G ravimetric Ana lyses (TGA) of modified PAN fi l m s  
Thermal gravimetric analyses were conducted on polymer films before and after 
modification with inorganic components. Thus, the thermal gravimetric analysis (TGA) 
and differential thermal gravimetric ( DTG) data for PAN film formed for 600 s is  
depicted in  figure 4 . 1 4a. The data are represented as weight losses as a function of 
temperature ( for TGA data), whi le those of the DTG are represented as the rate of 
weight loss as  a function of temperature [99] .  The same set of data fOT PAN fi l m  
formed for 600 s and modified with P t  partic les for 5 minutes are depicted i n  figure 
4 . 1 4b. Comparison of figures 4 . 1 4a and 4 . l 4b leads to the fol lowing conclusions: 
- As the beginning of heating, the two curves (TGA) of figures 4. 1 4a and 4 . 1 4b did not 
show a plateau. However, a noticeable decrease in weight is observed for both 
samples, the PAN and the Pt-modified PAN, respectively. This first region of weight 
Loss corresponds to approximately  1 0% and 1 7% for the first and second samples, 
respectively.  This region covers up to 1 00 °C, a region through which the residual 
solvent (water in thi s  case) and low molecular weight molecules should thermal ly 
degrade. 
- As the heati ng proceeds, the thermal behavior and stabi l ity of the two samples d iffer 
appreciably. Thus, two consecutive changes in  mass for the PAN sample take place.  
The first at  around 1 70 °C, and the second fol lows at about 270 °C . Those changes 
corre pond to mass losses of 5% and 25%, respectively .  The only major change in  
mass noticed for the Pt-modi fied PAN sample is  at l 80 °C that corresponds to a mass 
loss of 1 8%. At 1 80 °C , it is  expected that the polymeric chains start to change i ts 
spatial d istribution and conformation. Further dramatic changes and swel l i ng should 
be expected at relative ly higher temperatures, ca. 270 °C . 
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s the heating temperature increases, a major loss in mass is observed for the PAN 
ample when the temperature surpasses 400 °C. At this stage, it is expected that the 
film uffer fu J I  degradat ion that corresponds to 60% mass loss. The Pt-modified 
PAN fi lms showed more stable thermal characteristics when compared to the 
unmodified sample. Thus, a weight loss that corresponds to about 7% as the 
temperature reached 350 °C . 
- A total weight loss of 98.55% for PAN and 43 .69% for Pt-modified PAN samples, 
respecti vel y. 
- The above results indicate that the slow changes in mass of the Pt-contain ing PAN 
samples upon heating and temperature rise correspond to the restriction of chain 
movement and change in conformation. This is imparted by the inclusion of the Pt 
partic les within the polymer film chains. Simi lar results were also reported for Pt­
modified PMT fi lms [ 1 00 ] .  
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4.4.5 Fou rier-Tra nsform I n fra Red ( FT I R) Spectroscopic A n a lysis 
of modified PAN fi lms 
Infrared pectroscopic analysis of the polymeric fi lms prepared were perfOlmed 
to pro ide molecular structure information and to relate the chemical structure to the 
important fmdings of electrochemical and electronic properties. 
FTI R  spectra of PAN and Pt-particles modified PAN fi lms obtained for as-grown 
films as KBr pel lets are presented in figures 4. 1 5a and 4. 1 5b, respectively. Examining 
and comparing the two spectra reveal that the incorporation of Pt into the polymer fi l m  
composit ion did not affect the I R  absorption characteristics o f  the fi lm.  Thus, the peak 
near 850 cm- I is due to the N-H out-of-plane bending absorption. A relatively strong 
band near 1 068 em- I is due to C-C stretching whi le that appearing 1 235  cm- I is due to 
the C-C twisting [ 1 0 1 ) . The peak at around 1 290 em- I is  due to the C-N stretching of 
the polymer and the C=C stretch absorption of aromatic ring i s  displayed in the range of 
1 460- 1 6 1 0  em- I . The strongest an10ng the peaks appearing in  th is  region is  that shown 
at 1 468 em- I . The -H bending peak appears in the range of 1 560- 1 640 em- I and shows 
in this study near 1 607 cm- I . Charge delocal ization is c learly indicated by the strong 
peak appearing at 1 1 50 cm- I . The group of peaks appearing around 1 500 em- I i nd icates 
the para-substitution of the benzene ring. Two relatively broad peaks appearing near 
3000 cm- I and 3400 cm- l are due to the C-H stretching and N-H stretching absorptions, 
respectively. The dopant stretching peaks arise in the range of 500-700 cm- I [ 1 02 ] .  
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4.4.6 X-ray Diffraction (XRD) of m od ified PAN 
Figure 4 . 1 6  represents the X-ray di ffractograms of (a) PAN and (b) Pt-partic les 
modi fied PAN. The peaks appearing at 2B of 1 6.8°, 20.8°, 24.7°, 29.5°, and 3 1 .8° are 
common in both PAN and in the Pt-P AN composite. These peaks correspond to a 
highly doped PAN, which is in agreement with the data reported earl ier by 
MacDiarrnaid et al . [ 1 03 ] .  I t  i s  important to notice the difference i n  the scale reported 
for each graph of figures 4. 1 6a and 4 . 1 6b.  A thorough examination of the X-ray 
d iffractogram of figure 4. 1 6b for the Pt-modified PAN film reveals that the presence of 
Pt c luster did not affect the crystal l i ne features of the PAN film. However, the inc lusion 
of Pt could be noticed from the peaks at 2B of 36.6° and 54.3° that is in  agreement with 
the standard ASTM data for Pt .  When applying the Scherrer's equation (L = 
0.9 JJ fJ cosB , where fJ = fwhm and B = the angle of diffraction) the particle (c luster) 
s ize of the Pt is estimated as - 1 45 nm in average. 
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4.5 Cha racte rization of Po ly(3-methylthiophen e) ( P M T) 
fi l ms 
In thi ection the electrochemical behavior of poly (3 -methylthiophene) ( PMT) was 
JJ1 e tigated. Two approaches were considered in this respect, first to compare the 
electrochemical/electronic characteristic of this film to that of PAN shown in previous 
sections, second to modify the PMT films with electrochemical ly deposited Pt and 
chemical l with a sol-gel layer. The first part of this section displays the data obtained 
from cycl ic voltammetry and second the electrochemical impedance spectroscopy results. 
These data wi l l  be correlated with the SEM micrographs FTIR-spectroscopy and thermal 
analyses. 
4.5. 1 Cyclic Volta m metry (CV) of modified fi lms 
4.5. 1 . 1  Cycl ic  volta m m etry of m od ified PMT fi lms  wi th  Pt pa rticles 
Figure 4. 1 7  shows the CY curve of two films of PMT ( formed under constant 
appl ied potential at 1 . 8 Y (vs. Ag/AgCI)  for 1 5  s and 60 s, respectively) in 0.05 M 
TBA TFB.  The conditions for synthesis  were as fol lows: the supporting electrolyte used 
was TBA TFB (50 mM),  with 50 mM methylthiophene (MT) monomer in AcN solvent. 
The sweep rate was 50 mY/so It was possible to cyc le the polymer fi lms between its 
oxidized and reduced states without appreciable loss in the current characteristics up to 
20 cycles (cf. figure 4 . 1 8 ) . A wel l -defined oxidation peak is observed a expected for 
PMT that i s  broad and in good agreement with the data l isted earl ier in the l i terature 
[ 1 04 ] .  A reduction peak fol lows as the direction of potential is reversed to the 
"'negative"' d irection; again the peak is broad and shows a rather compl icated reduction 
process. The important d ifference that can be noticed in this figure is the considerable 
increase in the current values for both oxidation and reduction processes as the 
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thickne of the polymer increases. The increase in the polymer thickness is  related to 
the time u ed for the deposition of the polymer layer ( 1 5  s vs. 60 s). We are assuming 
here a direct relation between the amount of charge passing and thickness with 1 00% 
current efficiency for electrodeposition. The formal potential as can be roughly  
estimated from these CV are expected to  be quite simi lar with an  amount equal to  -
0.75 V .  We  can relate the oxidation and reduction processes taking place within the 
polymer fi lm to what is commonly  defined as the doping/de-doping events or more 
precisely to the migration of the anionic (and to a less extent the cationic) charges into 
and out of the film.  Therefore, as the thickness of the polymer fi lm increases the 
expected charge flow through the fi lm should increase and wi l l  result in the observed 
increase in amount of current passing for thicker fi lms. It is important to notice the 
relatively increased capacitive nature of the fi lm as the potential value is stepped to a 
larger positive value. 
The effect of depositing Pt partic les with different deposition times onto PMT 
films formed for 1 5  s is depicted in  figure 4 . 1 9 . The CVs of figure 4 . 1 9  show that the 
general shape of the CV is retained when compared to those shown in figure 4. 1 7 . 
However, several d ifferences could be noticed: 
- The oxidation and reduction peaks look sharper than those for "unmodified" PMT 
films. 
- One i l l -defined peak is observed as a pre-oxidation wave that corresponds to a post 
shoulder in the reverse ( reduction) cycle .  
- The reversibi l ity of the redox process is great ly enhanced as could be noticed from 
the oxidation and reduction peak potential values. 
- The apparent capacitive nature of the films modi fied with Pt particles i s  much larger 
than that observed for unmodi fied fi lm .  
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s the amount of Pt deposited increases (with time of deposition) the oxidation peak 
increases and becomes more deftned. 
4.5. 1 .2 Cyclic volta m metry of modified PMT fil m s  with Sol-gel 
sol ution 
The cyclic oltammetric response of PMT modified chemically with sol-gel 
olution in 0 .050 M TBATFB is shown in figure 4.20. After film preparation, the 
pol mer was dip-coated in a beaker containi ng the sol-gel mixture for 60 s .  The 
polymer ft lm/sol-gel coating was then dried in air for 30 minutes, and then heated in an 
oven at 60 °C for 30 minutes. The dried ftlm was then subject to subsequent CV runs . 
The CVs of figure 4 .20 show no oxidation peak in  the forward scan that i s  fol lowed by 
a broad reduction peak in the reverse scan. I t  is important to notice the remarkabl e  
increase in  the current values when compared to  the CVs  of ftgures 4 . 1 7  and 4. 1 9 . I t  
was important at  th is  stage of work to explore the effect of the sol -gel  layer on the 
electrochemical/electronic properties of the conducting polymer fi lm.  Thus, sandwich 
type fi lms were formed as fol lows: sol-gelfPMT/sol-gel, and PMT/sol-gel/PMT. The 
cyc l ic  voltammetric responses of the fi lms are shown i n  figure 4 .2 1 .  I t  is c lear that the 
capacitive nature of the "sandwich" ft lm has d ifferent characteristics than those of 
simpler tructures [ 1 05 ] .  Moreover, the charge transfer mechanism during the 
doping/de-doping processes of the PMT/sol-gel/PMT fi lm is different than the other two 
films as depicted of the results of figure 4 .2 l .  
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4.5.2 E lectrochem ical I m peda nce Spectroscopy ( E I S) of modified 
PMT fi lms 
In potent iostatic E I  experiments, the DC appl ied potentials used were referred 
[rom the corre pondjng CY experiments, and in order to ensure that the polymer 
reached its "steady- tate" conditions, the films were first cycled for 20 cycles prior to 
recording the E IS  spectrum. Thus, in this set of experiments we are try ing to look at 
the fol lowing aspects of the different films studied: the substrate/polymer interface, the 
substrate/polymerlsol-gel ,  substrate/polymer/sol-gellpolymer, and substrate/sol­
gellpolymerlsol-gel systems. These configurations resemble what was previously 
described in  the l iterature as "asymmetric" configuration [ 1 06 ] .  F igures 4 .22a and 
.t.22b show the yquist plots for two fi lms \ ith different thickness, the first formed for 
1 5  s (figure 4.22a) and the second formed for 60 s (figure 4.22b) at different appl ied 
DC. potentials. Two semi-circ les could be noticed at the h igh frequency regions ( the 
first is  not c lear from the scale drawn here) .  The first could be attributed to the charge 
transfer process at the substrate/polymer interface and the second to the same process at 
the polymerlelectrolyte side. The semi-circles are clearly i l l  defined for relatively 
thicker fi lm ( i .e .  that formed for 60 s), which was referred in  the l iterature to the non­
homogenous separation of surfaces [ 1 07 ] .  As the frequency changes to the mid-range, a 
Warburg impedance behavior is observed with a 45° slope segment that reveals the 
di ffusion nature of the charge transport at the polymer/electrolyte i nterface.  As the 
frequency approaches the lower l imits region, the curve starts to barely shi ft to a 90° 
slope indicating the capac it ive behavior of the bulk of the fi lm dur ing charge transport. 
If we assume that charge transport within the PMT film is via ionic and electronic 
components, the first i the slowest among the two [ 1 08 ] .  Thi s  considerat ion wi l l  
constitute the basi of explaining the E IS  behavior of al l fi lms studied . For i nstance, the 
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trend displayed by relati ely thin film hows that the appl ied potential does not 
in fi u nce the E I  respon e of the film. For thicker films the ionic conductivity is  
definitely affecting the re  ponse of the fi lm at different appl ied potentials. Thus, i f  the 
d iffusion of the ionic pecies within the film is slow and a thin diffusion layer is fonned 
and is the major contribution for the ionic migration within the film. This wi l l  lead to 
develop a semi-infinite diffusion-migration and the Warburg impedance changes its 
slope according to the appl ied potential . At lower appl ied potential values, the 
contribution of the ionic component to the charge exchange is low and the reverse can 
be considered as the potential i ncreases where the film turns to higher doping levels .  
Therefore, it could be concluded that as the thickness of the film increases, the 
capacitive nature of the fi lm that takes place at a frequency described as the transition 
frequency, /. and at which the slope of the l inear part of the impedance curve changes 
its slope from 45° to 90° phase angle shifts to lower values. Therefore, for thick fi lm 
( formed for 60 s )  the Warburg component wi l l  be omitted from the equivalent c ircuit  
used for model ing the data. Moreover, i f  we consider that the polymer system is 
homogeneous, the increase in  the finite diffusion length is  affected by the fi lm 
thickness. F i lm poro ity should affect this proposition and in  this case the compl ication 
might arise from the fact that the pore size would correlate with the film thickness. The 
transition frequency, /. shifts towards higher values as the appl ied potential increases. 
This later behavior could be attributed to a change in the chain arrangements and fi lm 
porosity. as the charges di ffuse in and out of the fi lm .  A ful l  description of the pore 
model can be found in a recent work by Hittner et al . [ 1 09 ] .  
Figures 4 .23a - 4 .23c  show the E IS  data plotted as Nyquist graphs for PMT 
formed for 1 5  s with di fferent amounts of Pt deposited for 1 minute, 5 minutes and 30 
minutes, respectiv ly.  A l l  the spectra depicted in Figures 4 .23a - 4.23c have two high-
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frequenc capacitive time constants and finite length impedance with a l imiting 
boundary at the low frequency region. As the appl ied DC potential increases the high 
frequency emicircle decreases in  diameter. The charge-transfer resistances, and 
capacitances of the substrate/polymer and polymer/substrate interfaces were estimated 
from the model analy is according to the equivalent circuits (cf. figures 4 .24a - 4.24b) 
u ed a depicted in  table 4 .3 .  For instance, the polarization resistance, Rp, values for 
PMT fi lms decrease in general with fi lm thickness and with appl ied DC potential . 
R E  Rs Rpt R W E  
a 
R E  Rs Rpt CPE W E  
n 
Cpt 
b 
Fig u re 4.24(a, b ) :  I m pedance models of modified PMT fi lms  by  Pt particles at d i fferent  
potentials.  
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Ta ble 4.3a : E I  data comparing P M T  fil ms with different th ickness and at  d ifferen t  
E.pp R, Rpl/Rp2 Cp l l CP2 CPE/ n W 1 /W2 
v n.cm2x I 02 n.cm2 x l 04/n.cm! 1 02 F.cm2x I 0-sl n.cm2 x 1 021 F.cm 2x I 021 
F.cm 2x I 0-s n.cm! F.cm 2x l 02 
Fi lm {I Ss} 
+0.29 1 1 6.03 8.329 0.07796/0.00 J 966 551 9/0.3523 -
* *  
5. 1 20 45.0017.396 +0.462 7 1 .5317.267 - 1 - 8.000/ 2.000 
+0.74 1 2. 1 94 0.003578 8.445 7.522/0.9489 -
+0.8 1 2  2. 1 55 0.003969 7.723 7.456/0.9598 -
+ 1 . 1 25 2. 1 33 0.004086 7.563 8.322/0.9708 -
F i l m  (60s} 
+0.358 2.289 0.00746 ] 1 8.65 5.739/0.8943 -
+0.6 1 0  1 . 570 0.002323 54. 1 4  3. 1 99/0.96 1 9  -
+0.684 1 .440 0.00262 1 44.09 2.8 1 8/0.9522 -
+0.983 1 .36 1 0.002800 43. 4 1  2.799/0.9636 -
+0.4 1 3  2.500 0.008646 2.556 35.45/0.9497 -
* *  Three d ifferent  eqv. c i rcu its has been used 
imilar trend for the values is  observed for PMT modified with Pt particles. However 
the increase in the amount of Pt deposited for the same thickness of the polymer fi lm 
re ults in  con iderable  decrease in the polarization resistance value. The capacitance 
alues, Cp, show general decrease with appl ied potential for the same polymer fi lm 
thickness. However, for fi lms modified with Pt, as the amount of Pt deposited 
increases, the values of Cp decreases for thin polymer fi lms and increases for thicker 
ones. It is important to notice that for films modified with Pt particles when compared 
with unmodified PMT films, the polarization resistance decrease results in re lat ive 
decrease in the capacitance values. 
EI data for PMT modified with sol-gel layer are depicted in figures 4 .2Sa -
4.2Sc .  Two symmetrical configurations are considered in  this study: the first is the 
PMT/sol-gellPMT, and the second sol-geIIPMT/sol-gel models. These two models are 
compared to the PMT/sol -gel configurat ion. The impedance spectra exhibit a single 
capaciti e time constant at high frequency domain and finite transport impedance with 
] 1 6  
Table 4.3b :  E I S  data comparing PMT fi lm with differen t  thickness and  modified 
with Pt particle with different amounts at d ifferent Eapp. 
E.pp R. RpI'C PE/n RPt Cp CPt W 
V Q.cm 2 x l Ol Q.cm2x t 05/Q.cm2x I 0- 1 Q.cm2x 1 0 1 F.cm2 x I 0-4 F.cm 2x 1 0-4 F.cm2x 1 03 
Fil m  (I Ss) 
Pt (60s} 
+0.4 1 3  2 0458 3. 1 45 4.783 3.336 0.2793 0.29 1 5  
+0.724 2.263 1 .250 45.50 7.077 83.38 0. 1 387 
+0.880 2.242 0.8800 1 26.9 8. 1 62 4.56 1 0. 1 1 63 
Fi lm (I5s) 
Pt (300s)" 
+00408 5. 539 0.9500/0.7768 40.2 1 2 . 1 20 0.2 1 46 1 .673 
+0.720 2.963 0. 1 969/0.587 1 2. 550 4.969 0.3888 0. 1 389 
+0.876 2.905 1 . 1 00/0. 1 000 2.933 6.0 1 0  0.464 0. 1 064 
Fi lm (I Ss) 
Pt (I800s)*-
+0.243 2.908 0.387/0.5350 48.39 0.09900 0. 1 540 3 1 . 1 4  
+0.395 3.235 1 96.4/0. 1 220 1 1 .93 1 .900 0.04482 7.270 
+0.706 2.80 1 0.278 1 /0.2500 1 .058 3. 568 0. 1 4 1 6  0.2000 
+0.9 1 0  2.544 0.2854/0.2350 1 .277 4.585 0.01 673 0.2000 
F i l m  (60s) 
Pt (60s)--
+0.58 2.656 2 . 1 1 90/0. 1 000 3.895 8.792 1 .330 0.2675 
+0.708 2.49 0.2764/0. 230 1 1 .772 1 0.78 1 . 450 0. 1 0 1 0  
+0.973 2 .364 0.4586/0. 2000 1 .855 1 3. 1 0  2. 1 40 0.05945 
F i l m  (60s) 
Pt (300s)" 
+0.605 2.662 0.7958/0.2448 2.783 1 0.6 1 1 .324 0. 1 460 
+0.936 2.323 0.2 6 1 4/0.3500 1 .360 1 5.62 3. 1 82 0.04794 
F i l m  (60s) 
Pt (I800s}" 
+0.590 2.235 0. 1 886/0.4000 2.8 1 1 1 8.00 1 .0 1 3  0.04060 
+0.692 2.056 0.8208/0.3500 2.099 1 9.69 1 . 1 40 0.0 1 474 
+0.068 1 .884 0.09439/0.300 1 .954 2 4.02 1 . 1 1 1  0.02392 
** Tw o equ ivalent c i rcu its in figu re 4.24 w ere used. 
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Table 4.3c: EIS data com paring PMT films formed for 60s modified w ith o l-gel 
( l min )  at different Eapp-
E.pp R. CP E/ n  Rp Cp Cool-gel W 
V n.cm 2x l O I n.cm2 x 1 oj In.cm2 Q.cm2x l O I F.cm2 x I O·J F.cm2x l O-4 F.cm 2x 1 0J 
Fi lm (60s} 
o l -gel 
� 
-0.5 8.266 1 .500/ 0. 1 300 0.9000 4.000 0.04500 1 . 400 
+0.2 8.835 3.900/ 0. 1 300 1 .003 3.769 0.03097 0.6700 
+0.4 9.246 3.400/ 0. 1 900 1 0.02 5.993 0.3 1 77 0.2 1 89 
+0.6 9.626 1 .000/ 0.2265 0.6700 1 3.79 1 .485 0.07853 
+0.8 4.985 0.2500/ 0.3400 0. 1 427 44.07 0.6283 0.028 1 8  
+ 1 .0 4.527 0.2000/ 0.3450 0.07 5 1  47.77 1 .44 1 0.02 1 75 
+ 1 .2 5.000 0.6800/ 0.3000 0. 1 505 54.64 8.354 0.03200 
l imiting boundaries at the low frequency range. The results are comparable to those 
obtained earlier in the l i terature [ 1 1 0, 1 1 1 ] . Two important parameters should be 
con idered when discussing the data obtained for PMT modified with a sol-gel layer. 
First, is the concentration of the charge carriers and the interfacial barriers ( i .e .  
ubstrate/pol merlsol-gellpolymer/electrolyte vs. substrate/sol-gel!polymerlsol -gel/elec-
trolyte) .  I t  i s  important to notice as, depicted i n  table 4 .3 ,  that there i s  a general 
decrease in the value of polarization resistance with potential, however, the Rp values 
are comparably much lower by about four order of magnitudes when compared to 
unmodified PMT or Pt-modified PMT fi lms. The capacitance values, Cp, also increased 
by one order of magnitude . It i s  then apparent that the sol -gel layer decrea ed the 
impedance values with a noticeable increase in the capac itive nature of the composite 
fi lm .  
The E I  data for the " sandwich" type fi lms are depicted in  tables' 4 .4a and 4.4b for 
the PMT/sol-gellPMT and sol-gel! PMT/sol -gel fi lms, respectively.  As expected, the 
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Table 4.4a * :  E I  data comparing PMT/sol-gel/PMT films at different Eapp. 
E.pp R. CPE/n CPE2/n C p t  C p 2  
V n.cm2x I 0 ' n.cm 2x l 02 n.cm 2 1 02 F.cm2 x 1 0-l F.cm2x l O-l 
P M T  (60s}/ 
SO-I:el (60s}/ 
P M T  (60s} 
-0.5 9. 1 06 1 .00/0. 1 5. 1 82/0.3 1 0.0 1 430 -
-0.2 7. 1 6  8.402/0.409 1 . 1 5/0.03 1 4  0.0 1 236 0.3009 
+0.2 7.956 1 . 1 98/0.0847 7. 1 9 1 /0.635 0.00 1 608 -
+0.4 7.955 1 .95 1 /0.6.3 1 0. 5543/0.06778 0.2999 -
+0.6 8.69 3.835/0"'035 - 289. 1 -
+0.8 8.667 2.978/0.3638 - 737.8 -
+ 1 .0 9.484 2.37/0.3395 - 492.6 -
+ 1 .2 9. 786 1 .993/0.7558 - 939.9 -
Table ... .4b* :  E I S  data comparing sol-gel/PMT/sol-gel films at  d ifferent  Eapp. 
E.pp R. Rm C P E/n C PE 2/n C p l  
V n.cm2 x I 0' n.cm 2x l 03 n.cm2 x 1 02 n.cm2 x l 02 F.cm2x 1 0-l 
Sol-gel (60s}/ 
PMT (60s}/ 
So l-gel (60s} 
-0.5 6.07 1 .889 ",.804/0.63 1 .662/0. 1 973 0.003222 
-0.2 6.4 1  5.697/0.4555 1 .988/0. 1 876 0.03 1 82 
0 4 1 .86 1 .0905/0.0705 8.075/0.385 2 1 .34 
+0.2 7.55 4.52 1 /0.48 2 . 1 92/0.245 1 0. 1  
+0.4 4.5 1 .34/0.65 1 8  3.023/0.0993 1 5.0 
+0.6 4.5 0.6575/0. 7 1 7  0.0922610.03 82. 1 
+0.8 4.6"'3 0.6479/0.6378 1 83.7 
+ 1 .0 5.055 3.664/0.0. 1 75 46 1 .2 
+ 1 .2 5.527 4.05 l /0.0769 38.77 
* eq u ivalent c ircu its in figure 4.26 were u ed 
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W 
F.cm 2x l 02 
7.572 
1 69.8 
1 2.5 
1 44.8 
0.85 1 8  
0.3523 
0.34 1 3  
0.5324 
W 
F.cm2x l 03 
3.768 
1 26.0 
0.9329 
297.5 
0.5658 
0.2 1 82 
0.0 1 794 
0.0 1 5  
0.0 1 60"' 
modeling of the data necessitates the use of more than one equivalent circuit .  The 
equl alent circuits used to elucidate the data of tables 4.4a and 4.4b are given in figures 
4.26 a - 4.26 h re pectively. It  is important to notice that the capacitance of the 
" sandwich ' type fi lms is general ly much larger when compared to the PMT or 
PMT/sol -gel fi lms. The PMT/sol -gellPMT type film is characterized by i ts larger 
capacitance though, with respect to the sol-geIIPMT/sol-gel type film. The capacitance 
of a given film increases with the appl ied DC. potential . This  is quite expected as the 
faradic component of charge transfer diminishes with increase in potential applied to the 
film and charge accumulation start to develop at the interfaces. The fact that the 
capacitive nature of PMT/sol-gel/PMT increases raises the suggestion that these types 
of films are potential candidate for battery storage with large capacities and maintaining 
a good level of conductivity within the sol id-state structure. The second interesting 
observat ion that could be made from the data of tables 4 .4a and 4.4b is the noticeable 
change of the " Warburg" component, W, that decreases in value with increase in  
potential .  This could be attributed to the decl ine of the d iffusion importance as the 
faradic component of charge transfer decreases and the bui ld up of charge. It i s  
important to notice that the sol-gel layer is  less conductive than the organic conducting 
polymer layer. The major contribution for charge transfer is  by ionic migration/diffu­
sion whereas the organic polymer fi lm conducts the charge by a mixed ionic/electronic  
mechanism [ 1 1 2 ] .  
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Figu re 4.26 (a-d ) :  I mpedance models of sandwich films of two types 
[ PMT/sol-gelfPMT and sol-gelfPMT/sol-gel ]  at different potentials. 
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Figu re 4.26 (e-h ) :  I m pedance models of sandwich fi lms of two types 
[ P MTI ol-geUPMT and sol-geUPMT/sol-gel ] at d ifferent potentials. 
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4.5.3 Sca n ning Electron M ic roscopy (SEM) of mod ified PMT fil m s  
I n  this ection the results of  the S E M  measurements for PMT w i l l  be 
displayed . The re lation between the surface morphology and the el ectrochemical  
and el ectron ic  propert ies of  the polymeric systems studied is o f  prime 
importance. Thus, the compactness of the film layers, porosity of  the fi lm,  as 
wel l as the patial  distribution of meta l l i c  partic les and their corresponding size 
( i n  this case the Pt) affect the rate of charge transfer and d i ffusion of ionic 
specIe . 
The SEM micrographs of PMT formed with constant app l ied potential  
( 1 . 8V )  in  aceton itri le as solvent and tetra-buty l-ammon i um tetra- fluoro-borate 
( TBATF B )  as upport i ng electrolyte for 1 5  s, 30 s, 45 s, and 60 s are displayed in  
figures 4 .27a, 4 .27b, 4 .2 7 c  and 4 .27d, respectively.  The SEM picture of the fi lm 
formed for 1 5  s ( c f. fi gure 4 .27a) shows a fi l m  that is  compact with no d istinct 
layer formation . The fi l m  shows medium roughness that is  expected for such 
rel atively sma l l  th ickness and w ith no c l ear textured surface. As the thickness of 
the PMT fi l m  increases as  depicted in  figure 4 .27b the compactness o f  the fi l m  
decreases as expected w ith h igher irregul arity and the features o f  the surface are 
enhanced. Moreover, fi lm formed using 45 s and 60 s ( c f.  figures 4 .27c and 
-J. . 2 7d ) have more surface roughne s with pores starting to deve lop noticeab ly .  
These findings are in good agreement with the model s  presented earl ier in 4 . 5 .2 
section and recent ly in  the l i terature [ 1 1 3 ] . The e lemental analysis using X -ray 
d i ffraction ( E DAX )  of the PMT fi lms is given in figure 4 . 27e.  The spectrum 
hows the existence o f  the el ements C, and su l fur that are the major components 
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a 
b 
Figure 4.27 (a,  b) :  SEM m icrogra p h s  of PMT fi l m  formed at  1 .8 V for (a)  1 5s, and 
( b )  30 , electrochemica l ly pol  merized i n  aceton itrle as solvent and T BATFB as  
su pporti ng electrolyte. 
1 27 
c 
d 
Figu re 4.27 (c, d ) :  S E M  microgra phs of PMT fi lms  formed for ( c )  45s , a nd (d)  60s, 
electrochem ica l ly poly m erized at 1 .8 V. 
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Figu re .t .27e:  EDAX for PMT formed in  aceton iri le as solvent conta in ing TBATFB as 
supporting electrolyte. 
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of the PMT. It is important to notice the presence of fluorine and nitrogen of the 
upporting electrolyte tetra-butyl-ammonium tetra-fluoro-borate (TBATFB) .  Thus the 
doping anion BF.t- exi ts within the oxidized polymer film and with appreciably 
detectable amount. 
SEM micrographs of Pt-modified PMT formed for 1 5  s and 60 s are shown i n  
figures 4 .28a and 4 .28b respectively. I t  i s  important to notice the high dense layer o f  Pt 
particles almost ful ly covering the polymer film layer that cannot be identified .  The Pt 
layer was deposited for 60 s and has particle sizes that range from the sub-micron size to 
1 11m. The polymer fi lm formed for 60 s, however, possesses pores (cf. figure 4 .28b) 
that cannot be detected at the thinner polymer fi lm.  Those pores result in  less 
compactness of Pt-particles layer and the development of a three-dimensional structure. 
The findings of SEM pictures of these films could be directly related to the data 
obtained in the E I S  section. The Pt-part icles layer result in high capacit ive nature to the 
hybrid (composite) fi lm that was found earl ier (cf. 4.2 E IS  of modified PMT section). 
F igure 4.28c shows the EDAX results of a PMT film formed for 60 s and modified with 
Pt deposited for 60 s .  The important characteristic of this film is the appearance of Pt 
peaks confirming its incorporation within the fi lm.  The percentage composition 
analysis of the film shows that Pt is present with about 1 %, with the same proportions 
are retained for the other elements present ca. C, S,  N, F, and O. The importance of this 
finding is the considerable electrical changes imparted to the fi lm with the incorporation 
of such relatively low amount of Pt. The particle distribution and its size are again of 
major importance to the added enhancement to the fi lm properties. 
For the purpose of comparison, the SEM micrographs of a polymer film modified 
with sol-gel layer in three different ways, ca. PMT fi lm fom1ed for 60 s and dipped in a 
sol ution containing sol -gel for 60 s, PMT film formed for 60 s dipped in  a solution 
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Figu re 4.28(a, b ) :  S E M  m icrographs of Pt p a rt ic les depo ited fo r 60s onto  PMT mm 
formed at 1 .8 V for 60  . 
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Figu re 4.28c: E DAX for Pt pa rticles deposited onto PMT film at  O.09V. 
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containing sol-gel for 60 s then a PMT film i s  formed as a third layer for 60 s, and a 
composite film formed by dipping the substrate in the sol-gel solution for 60 s fol lowed 
by PMT film formation for 60 s and final ly a third layer was deposited by dipping the 
fi Lm in the aI-gel solution for 60 s are depicted in figures 4.29a, 4.29b, and 4.29c, 
re pecti ely. The latter two types represent a "sandwich" type composite fi lm.  The 
SEM micrograph of figure 4.29a shows that the PMT film layer is completely covered 
with the sol-gel layer with the possible inter-penetration of nucleation within the fi lm 
pores. orne cracks can be ident ified on the surface that appeared general ly i rregular.  
In reference to the CV and EIS data for PMT/sol-gel ,  the absence of an oxidation peak 
in the CV can be related to the barrier imparted by the relatively low-conducting layer 
of sol-gel and its roughness. The high capacitive character of this fi lm can be j ustified 
by the nature of the sol-gel layer added to the underlying layer of PMT film.  
E lemental analysis of the PMT/sol-gel fi lm reveals the presence of Fe,  Ti,  S i ,  
and Ce (peaks are convoluted for Ce with Ti and Fe peaks) as shown in  figure 4 .29d. 
Those elements are part of the composition of the solution made to prepare the sol -gel  
mixture. The percent elemental composition of the PMT/sol -gel shows the fol lowing 
ratio: 24.74% C 4.48% N, 26.06% 0, 1 0 .07% F, 1 6 . 74% Si, 1 6 . 88% Ti, 0 .35% Fe, and 
0 .67% Ceo 
The SEM micrograph of figure 4 .29b shows a sol-gel layer coated on a pre­
formed PMT film that was modified by a third layer of sol-ge l .  It is important to notice 
the high regulari ty of the "outer" polymer layer, its compactness and that the sol-gel 
partic les have wel l  defined textures. Apparently the PMT fi lm is great ly affected by the 
existence of the sol-gel l ayer that results in h ighly ordered polymer structure. The sol­
gel/PMT/sol-gel film on the other hand shows a crack-rich layer for the "outer" sol-gel 
layer and the underl ying PMT layer can be clearly identified (cf. figure 4 .29c ) .  Thus, 
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Figu re 4.29(a, b) :  SEM micrographs of (a )  P M T/sol-gel fi lm and ( b )  PMT/sol­
gellPMT film.  
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Figu re 4.29c: S E M  m icrographs of sol-gellPMT/ ol-gel film. 
the electrochemical and electronic properties o f  these fi lms reveal the combined 
ionic/electronic modes of conduct ion (cf. 4 .2 EIS of modified PMT section). 
The EDAX data of the latter two ' sandwich" fi lm s  are displayed i n  figures 4 . 2ge 
and 4.29f, respectively.  As can be noticed from the data of fi gure 4 .29d the 
composition of the "middle" layer of sol -gel can not be clearly identified when 
compared to the second type of sol -ge llPMT/sol-gel fi l m  that reveals al l the 
compositional features of the sol-ge l .  
The structure o f  the sol -gel layer dried over a graphite substrate is shown i n  
figure 4 .30. A s  could be noticed that the same features o f  the morphology o f  the film is 
sim i l ar to that found for a sol-gel layer deposited on PMT layer (cf. figuIe 4 .29a). 
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Figu re 4.30: S E M  micrographs of sol-gel layer d ried over a gra p h ite u bstrate. 
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4.5.4 Tberm a l  gravi metric a n alyses of mod ified PMT films 
The modification of PMT films with a sol-gel layer containing i-based 
inorganic modifier resulted in excel lent thermal stabi l ization for the polymer fi lm.  The 
data of this finding are depicted in figures 4 .3 1 a  and 4 . 3 1  b for PMT and sol-gel­
modified PMT fi lms, re pectively. Again, s imilar conclusions as stated before in  
thermal gra imetric analyses for PAN films. However, some interesting changes were 
identified : 
- Because of the presence of relatively higher hydrocarbon content in the sol-gel 
precursor, a relatively higher mass loss was observed for the modified-PMT films 
that reached about 50% at the end of heating. I t  i s  important to notice that heating in  
the case of PMT studies reached 900 °C whi le the maximum temperature reached in  
the case of PAN fi lms was 350 °C . H igher temperatures were thought for sol-gel­
modified PAN fi lms, since the modifier contained hydrocarbon moieties, and 
organo-metal l ic structures of Ce, Ti and Fe. 
- More pronounced mass-losses are observed at the onset of heating for both PMT 
samples when compared to the PAN fi lms. This was attributed to the presence of 
some sol ent content (acetonitri le in  this case) with appreciable amount. The 
swel l ing of PMT films is expected to be larger than PAN fi lms that should result in 
entrapping larger an10unts of solvent molecules at d ifferent levels of chain thickness. 
- The general rate of mass change with temperature is general ly high at the onset of the 
heat ing that is  fol lowed by a highly stabi l ized beha ior as the temperature exceeds 
280 °C, namely for the sol-gel-modi fied PMT fi lm .  
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I n  conclusion, the modification of organic conducting polymer fi lm with an 
inorganic moiety re ults in highly thermal ly stabi l ized film. This is true for both 
m thod of modifications, whether by electrochemical ly depositing submicro-particles 
of Pt to P or dip-coat ing a sol-gel layer to PMT films. 
4.5.5 Fou rier-Tra nsform I n fra Red ( FT I R) Spectroscopy A n a lysis 
of mod ified PMT fi l m s  
The FTIR spectra o f  PMT films, Pt-modi fied PMT fi lms, and sol-gel-modified 
PMT films are depicted in figures 4 .32a, 4 .32b, and 4.32c, respectively. The two 
spectra of figures 4 .32a and 4.32b are basically simi lar with the exception of some 
bands. Common characteristic bands appear in the region between 630 cm- ' and 
860 cm- ' . Those bands could be assigned to the C-H out-of-plane absorption. Two 
important characteristic peaks appear at 850 cm- ' and 1 460 cm- ' are assigned to the C-H 
out-of-plane bending vibration that i s  specific for the 2,5-disubstituted thiophene rings, 
and to the stretching vibration of the 2,3,5 -trisubstituted thiophene rings, respectively. 
The relatively strong band appearing near 1 3 80 cm-' is attributed to the deformation 
vibration of the methyl group. The previous results are s imi lar to those mentioned in 
the l iterature [ 1 1 4] .  I t  i s  worthy to notice that the bands o f  the Pt-modified PMT films 
are sharpened and wel l-defined namely those appearing at 1 320 em- I , 1 3 80 cm- ' , 1 680 
em- I . and 3500 em- I . This observation was also noticed previously for sol-gel modi fied 
PMT films [ l I S ] .  
The FTIR spectra o f  sol-gel modified PMT film before and after drying are 
depicted in figures 4 .32b and 4 .32c, respectively. The peak assignments could be made 
as fol lows: a sharp and relatively broad band at 1 080 cm- I is attributed to the Si-O-Si 
a ymmetrie tretehing vibration, the peak appearing around 830 em- I is  as oeiated with 
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Fig u re 4.32 (a ,  b ) :  FTI R spectra of  (a )  PMT fi lms. and (b) Pt-modified PMT fi lms. 
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Figure 4.32 c :  FTI R  spectra sol-gel-modified PMT films. 
symmetric Si-O-Si stretching, and the absorption band appearing around 460 cm- 1 could 
be assigned to S i-O-Si bending mode. Simi lar results were ci ted earl ier in the l iterature 
[ 1 1 6- 1 1 7 , 99] . Other peak assignments for PMT fi l m  can be assigned as previously 
described in this section. I t  is important to notice that the spectrum recorded for the 
PMT/sol-gel composite fi lm after drying exhibited the disappearance of some peaks in 
the region between 1 3 50 em- I to 1 550 em- I . A possible explanation is the loss of 
considerable amount of solvent from the composite, the change in chain conformation 
and the formation of rigid structures of si l ica-encapsulated polymer structures. 
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4.5.6 X-ray Diffraction of mod ified PMT 
Similar results for the presence of Pt  particles in PMT where also obtained as 
could be noticed from the X-ray di ffractogram of figure 4 .33 .  The Pt-particle size is 
calculated from the cherrer's equation to be equal to � 1 59 nm. On the other hand, the 
X-ray diffractogram of a PMT/sol-gel composite is shown in figure 4.34.  It is c lear that 
the presence of Si ,  Fe, Ce, and Ti changed the diffraction pattern of PMT. Thus, five 
distinct peaks appeared at ca. 1 9.4°, 2 1 .3° , 30. 1 ° , 3 l .6°, and 39.5°,  respectively .  Four 
relatively weak peaks appeared also at ca. 27 .2°, 36 . 1 °, 4 1 .8°,  and 66.3°, respective ly .  
Particle/cl uster size ranges between 98 nm and 450 nm. The curves displayed in  figure 
4.34 how some (0  a 1 )  peaks, this i s  typical of turbostratic stacking of metal oxides 
[ 1 1 8] .  The 2 e value of the (0 a 1 )  plane corresponds to an inter-planar spacing that 
ranges between 22 .7  nm and 45 .7  nm . This spacing is indicative of the presence of 
some PMT structures as intercalates into the oxide staking of the metals present in the 
sol-gel l ayer. Tll is should lead to a direct contact between the polymer and the sol-gel  
layer. It is important to relate tills suggestion with the electrochemical/electronic  
propert ies of the fi lms as  indicated in  the E IS  studies. The changes in  the capac itive 
nature of the composite fi lm and the charge transport suggest that sub-microstructures 
of conducting polymer and sol-gel are establ ished. It is difficult at this stage to 
d ifferentiate between peaks related to each element/compound present and whether the 
composite is a result of monolayer stacking or three-dimensional distribution. It wi l l  be 
recommended to carry further investigation on the structure of these films .  
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In this thesis, it was possible to electrochemically synthesize PAN and PMT. 
Electrochemical methods of synthesis do not only ensure the control in the film thickness 
but also th qual ity and level of doping of the polymer. Two different techniques were 
attempted in the modification of the polymeric film with the inc lusion of an 
organic/inorganic hybrid layer. The first is based on electrochemical deposition of 
platinum particles that turned to be in  nano-size dimension. The second is based on the 
application of the inorganic layer from a sol-gel using the dip-coating technique. This 
appl ied only for PMT with thickness 60s. There were three combinations or models, the 
first was, PMT/sol gel, the second, PMT/sol gel! PMT, and the third was sol gell PMTI sol 
geL Cyc l ic  voltammetry (CV) was used to ident ify the electrochemical behavior and 
reversibi l i ty of the doping-undoping processes of the polymer. From CV data, the current 
values increase as polymer fi lm thickness increases. This is  can be attributed to the 
increase in the volume of the fi lm that results in a change in the surface area with 
thickness, which leads to increase in act ive sites within the polymer film that is responsible 
for the exchange in  charge. Also for modified polymer fi lm with Pt partic les, as the 
amount of Pt deposited increases, its corresponding morphology change and I-V curve 
characteristics change. Moreover, as the thickness of the underlying polymer fi lm increase 
the current i ncreases with the appearance of complex reduction wave for the same amount 
of Pt deposited. Whereas, the electrochemical impedance spectroscopy ( E l S )  data how 
that, the polarization resi stance values Rp, decrease in general with increase in polymer 
thickness, and/or Pt particles amount and with appl ied potent ial .  Simi lar trend was also 
observed for modified fi lms with sol-gel solution. However, the polarization resistances 
for sandwich films are much lower by about four orders of magnitudes when compared to 
unmodified PMT or Pt-modified PMT fi lms. Furthermore, the capacitance (C�) of the 
films increases with the applied potential for thin polymer fi lm and for modi fied film as 
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the amount of Pt added to the film increase. And the capacitance of the "sandwich ' type 
fi lm general ly increases by one order of magnitude when compared to the PMT or 
PMT/sol-gel films. The PMT/sol-getIPMT type fi lm is characterized by its larger 
capacitance though, with respect to the sol-geVPMT/sol -gel type fi lm, which could be 
proposed as candidate materials for charge storage in batteries with large capacities and 
maintaining a good Ie el of conductivity within the solid-state structure. 
However the contribution of polymer films to the capacitance is not only dependent 
on the thickness of polymer film present or amount of inorganic materials, but also on its 
accessibil ity to the ionic charge from solution. The migrat ion of ionic species within the 
polymeric film depends on the pore size of the fiLm; it was concluded that as the thickness 
of pol mer fi lm increases the conductivity increases due to increase in the pores and in  
their sizes within the polymer fi lm .  Furthermore, the modification of polymer fi lms with 
Pt results in increase of i ts compactness and minimization of i ts pores size. The last 
conclusion was demonstrated from the data obtained from the scanning electron 
microscopy (SEM) experiments. SEM photographs showed that the polymeric fi lms grow 
at d ifferent thickness and modified by Pt particles using d ifferent amount had d ifferent 
morphological aspects and variations. Moreover, SEM pictures for thin films of polymers 
modified with Pt partic les show that the Pt particles grew at the surface with spherical 
shape and barely imbedded within the fi lms matrix .  The size of Pt particles is in the range 
of 5 - \  all m for PAN and 1 11m for PMT. Also, as the electropolymerization time increases 
and the deposition time of Pt increases the polymer layer became more compact and 
dispersion of Pt partic les increases over the surface.  This could be attributed to the 
increase in the number of active sites responsible for charge exchange at the polymer 
surface that i s  responsible for the nucleation of the Pt structures. In reference to SEM 
pictures of modified PMT with sol-geL it showed that the sol-geVPMT/sol -gel fi lms is  
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highly regular for the "outer" polymer layer, its compactness and that the sol-gel particles 
ha e wel l  defined textures. The sol-gelJPMT/sol-gel film, on the other hand, had a crack­
rich layer for the ' outer" sol-gel layer and the underlying PMT layer can be c learly 
identified. 
FTI R  spectra how that the incorporation of Pt into the polymer film composition 
did not affect the IR absorption characteristics of the film. This proves that the structure of 
the polymer fi lm did not change on the molecular leve l .  This can be also noticed for PMT 
films with the exception of few bands. Whereas, thermal gravimetric analyses (TGA) 
how exceptional ly high thermal stabi l ity for modified polymer with inorganic l ayer when 
compared to unmodified films for PMT and PAN. X-ray diffraction (XRD) measurements 
proved that the presence of Pt partic les did not affect the crystal l ine features of polymer 
film. It is also c lear from XRD data of PMT/sol-gel composite the presence of Si, Fe, Ce, 
and Ti changed the d iffraction pattern of PMT. This is related to the direct contact 
between the polymer and the sol-gel .  
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